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A B S T R A C T  

The o p e r a t i o n a l  r e l i a b i l i t y  of t h e  c u r r e n t l y  u s e d  m a n u a l  a n d  
a u t o m a t i c  a i r c r a f t  c o n t r o l  s y s t e m s  a n d  t h e i r  c o m p o n e n t s  a r e  d i s 
c u s s e d  i n  t h e  l i g h t  o f  t h e  i n s t r u m e n t a l  m a l f u n c t i o n  a n d  r e p a i r  
e s t i m a t e d  s t a t i s t i c a l l y  by  c o m m e r c i a l  a i r l i n e s .  I t  i s  f o u n d  t h a t  
t h e  a u t o m a t i c  c o n t r o l  s y s t e m  m a l f u n c t i o n  p r o b a b i l i t y  d e r i v e d  f r o m  
t h e  s t a t i s t i c s  d o e s  n o t  m e e t  r e a s o n a b l e  r e l i a b i l i t y  s t a n d a r d s .  
C o s t  e s t i m a t e s  a r e  g i v e n  f o r  t h e  r e d u n d a n t  c o m p o n e n t s  r e q u i r e d  t o  
p r o v i d e  a d e q u a t e  a i r  t r a f f i c  s a f e t y  s t a n d a r d s .  
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PROBLEM O F  T H E  OPERATIONAL RELIABLLITY OF 

FLIGHT CONTROL SYSTEMS A N D  AUTOMATIC 


PILOTING O F  AIRCRAFT 


O l a f  Peters 

1. INTRODUCTION 


1.1. Reliability a n d  Flight S a f e t y
o f  Flight Piloting 

O p e r a t i o n a l  r e l i a b i l i t y  a n d  t h e  c a p a c i t y  t o  f u l f i l l  a g r e a t  / l $ e  
number  o f  f u n c t i o n s  a r e ,  t o  b e g i n  w i t h ,  d i a m e t r i c a l l y  o p p o s e d  p r o 
p e r t i e s  o f  t e c h n i c a l  e q u i p m e n t .  The more p e r f e c t  a d e v i c e  becomes  
w i t h  r e s p e c t  t o  i t s  f u n c t i o n ,  a l l  t h e  more c o m p l i c a t e d ,  c o m p r e h e n 
s i v e  a n d  u n r e l i a b l e  i t  b e c o m e s ,  s i n c e  i t s  r e l i a b i l i t y  d e c r e a s e s  
w i t h  g r o w i n g  numbers  o f  c o n s t r u c t i o n a l  u n i t s .  T h e s e  i n t e r r e l a t i o n s  
w e r e  f i r s t  s y s t e m a t i c a l l y  i n v e s t i g a t e d  by L u s s e r  a n d  P i e r u s c h k a  
a r o u n d  1 9 4 0  [l], a l t h o u g h  a t t e m p t s  t o  a t t a i n  a s u f f i c i e n t l y  h i g h  
o p e r a t i o n a l  s a f e t y  h a v e  a l w a y s  b e e n ,  b e s i d e  t h e  r e q u i r e d  f u n c t i o n ,  
t h e  g o a l  o f  a l l  e n g i n e e r i n g ,  e s p e c i a l l y  i n  t h e  f i e l d  o f  a e r o n a u t i c s .  

The o p e r a t i o n a l  r e l i a b i l i t y  o f  a d e v i c e  i s  d e f i n e d  as t h e  p r o 
b a b i l i t y  o f  f u l f i l l i n g  d u r i n g  a c e r t a i n  t e m p o r a l  i n t e r v a l  ( e s p e c i a l 
l y  o f  t h e  f l i g h t  t i m e  o f  a n  a i r c r a f t )  t h e  f u n c t i o n s  n e c e s s a r y  f o r  
t h e  c a r r y i n g  o u t  o f  a t a s k .  

T h a t  t h e  m u l t i p l i c i t y  o f  f u n c t i o n s  d o e s  n o t  r e p r e s e n t  a n  i n 
s u r m o u n t a b l e  b a r r i e r  i n  r e g a r d  t o  r e l i a b i l i t y  i s  p r o v e n  by  t h e  n a 
t u r e  o f  e x a m p l e s  o f  c o m p l i c a t e d  l i v i n g  o r g a n i s m s .  T h e s e  o r g a n i s m s  
a r e  S O  composed t h a t  a l i m i t e d  number of m a l f u n c t i o n s  c a n  b e  s u r 
v i v e d .  Such  f a c u l t i e s  s h o u l d  a l s o  b e  r e a l i z e d  i n  g r e a t e r  c i r c u m f e r 
a n c e  w i t h  t e c h n i c a l  e q u i p m e n t ,  e s p e c i a l l y  i n  t h e  c a s e  o f  f l i g h t  
p i l o t i n g  s y s t e m s .  The r e l i a b i l i t y  o f  s u c h  s y s t e m s  c o u l d  b e  a u g m e n t 
e d  c o n s i d e r a b l y  i n  t h i s  way. 

The t o t a l  p r o c e s s  o f  f l i g h t  p i l o t i n g  i s  c a r r i e d  o u t  e v e n  t o d a y  
by  t h e  a i r c r a f t  p i l o t s ,  i n  s p i t e  o f  t h e  f a c t  t h a t  many component  
t a s k s  h a v e  b e e n  a u t o m a t e d .  I t  i s .  a m a t t e r  h e r e  o f  t h e  c o n t r o l  f u n c 
t i o n s ,  f l i g h t  c o n t r o l ,  s t e e r i n g ,  a n d  n a v i g a t i o n ,  as i s  p r e s e n t e d  i n  
F i g u r e  1 a f t e r  R o s s g e r  [ 2 ,  31.  

To t h e  t a s k  o f  f l i g h t  p i l o t i n g  b e l o n g  e s p e c i a l l y :  	 / 2-
1. The s t a b i l i z a t i o n  o f  f l i g h t  a t t i t u d e  a n d  f l i g h t  v e l o c i t y  

( f l i g h t  c o n t r o l ) .  

- _---- - - 
.r... 

Numbers i n  t h e  m a r g i n  i n d i c a t e  p a g i n a t i o n  i n  t h e  f o r e i g n  t e x t .  
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*!I 

c o n t r o l  

C r a f t  

I n t e r f e r e n c e -

F i g .  1. C o n t r o l  F u n c t i o n s  o f  F l i g h t  P i l o t i n g .  

2 .  The s t e e r i n g ,  ? . e .  c o n t r o l  o f  t h e  b a s e s  ( a l t i t u d e ,  c o u r s e ) ,  
t h r o u g h  r e g u l a t i o n  o f  t h e  p a t h  o f  t h e  c e n t e r  o f  g r a v i t y  by a l t e r i n g  
f l i g h t  a t t i t u d e  a n d  e n g i n e  o u t p u t .  

3 .  The p l o t t i n g  o f  a p r e s c r i b e d  f l i g h t  p r o g r a m  as a t a s k  o f  
n a v i g a t i o n  ( o p t i m i z a t i o n  o f  t h e  p a t h  l i n e ) .  

The r e l i a b i l i t y  o f  t h e  f l i g h t  p r o c e s s  s h o u l d  b e  d e s i g n a t e d  as 
f l i g h t  s a f e t y ,  w h i c h  c a n  b e  d e f i n e d  i n  t h e  f o l l o w i n g  way: 

F l i g h t  s a f e t y  i s  t h e  p r o b a b i l i t y  t h a t  d u r i n g  a g i v e n  o p e r a t i o n 
a l  t i m e ,  e s p e c i a l l y  t h a t  o f  a n  a i r c r a f t ,  n o  a c c i d e n t  w i l l  t a k e  p l a c e  
c o n c e r n i n g  t h e  s u p e r o r d i n a t e  s y s t e m ,  e s p e c i a l l y  t h e  a i r c r a f t  , w i t h  
h a r m f u l  c o n s e q u e n c e s  f o r  p e r s o n s .  ( I n s t e a d  o f  f l i g h t  t i m e ,  f l i g h t  
c o u r s e  i s  a l s o  f r e q u e n t l y  t h e  r e f e r e n c e s  m a g n i t u d e ) .  

The a c c i d e n t  p r o b a b i l i t y  i s  t h e  c o m p l e m e n t a r y  p r o b a b i l i t y  f o r  /3 
f l i g h t  s a f e t y  . 

The a c c i d e n t  p r o b a b i l i t y  r e s u l t s  f r o m  a c c i d e n t  r a t e s .  

F i g u r e  2 r e p r e s e n t s  t h e  c o u r s e  o f  t h e  a c c i d e n t  r a t e  o f  w o r l d  
a i r  t r a f f i c  a s  w e l l  as t o t a l  t r a n s p o r t  i n  t h e  t i m e  s p a n  b e t w e e n  
1 9 4 5 - 1 9 6 5  a c c o r d i n g  t o  s t a t i s t i c s  o f  t h e  ICAO [ 4 1 .  The a c c i d e n t  
r a t e  shows a d e s c e n d i n g  c o u r s e  up t o  1 9 5 5 ,  i n  o r d e r  t h e n  t o  r e c e d e  
o n l y  s l i g h t l y  m o r e ;  t h e  t o t a l  t r a n s p o r t ,  on t h e  o t h e r  h a n d ,  shows 
a n  e x p o n e n t i a l l y  a s c e n d i n g  t e n d e n c y  w h i c h  c o r r e s p o n d s  t o  a n  a n n u a l  
g r o w t h  r a t e  o f  ca .  1 2 % .  The a b s o l u t e  number  o f  a c c i d e n t  d a t a  p e r  
y e a r  r e s u l t s  as t h e  p r o d u c t  o f  a c c i d e n t  r a t e  ( r e f e r r e d  t o  t o t a l  
t r a n s p o r t )  a n d  t o t a l  t r a n s p o r t .  T h i s  number  shows t o  t h i s  p o i n t  
o n l y  a s l i g h t l y  a s c e n d i n g  t e n d e n c y  a n d ,  a f t e r  [ 4 ] ,  amoun ted  t o  i n  
t h e  mean 750 a c c i d e n t  d e a t h s  p e r  y e a r  i n  t h e  l a s t  5 y e a r s .  

T h i s  s i t u a t i o n  w i l l ,  h o w e v e r ,  a l t e r  i t s e l f  i f  t h e  a c c i d e n t  / 4  
r a t e ,  as i n  t h e  l a s t  few y e a r s ,  r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t ;  the-
t o t a l  w o r l d  t r a n s p o r t ,  h o w e v e r ,  w i l l  c o n t i n u e  t o  a s c e n d .  The num
b e r  o f  a n n u a l  a c c i d e n t  d e a t h s  w i l l  i n c r e a s e .  

2 
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A c c i d e n t  T o t a l  t r a n s p o r tr a t e  
( p a s s e n g e r - k m )  

Y 

1945 '66 '47 '48 '49 'So '51 '52 5.3 *% '55 %6'67 W ?B '60 '61 '62 8 3  *64 1966 

;:D e a t h s  p e r  1 0 0  m i l l i o n  --c Y e a r  
p a s s e n g e r  km 

2i': A c c i d e n t s  i n v o l v i n g  
d e a t h s  p e r  f l i . , g h t  hour 

F i g .  2 .  A c c i d e n t  R a t e  Compared With  t h e  Growth  
o f  T o t a l  T r a n s p o r t  f r o m  1 9 4 5 - 1 9 6 5 .  

F i g u r e  3 shows a n  e x t r a p o l a t i o n  o f  t h e  p r e s e n t  c i r c u m s t a n c e s  
f o r  t h e  coming d e c a d e  ( a f t e r  L u n d b e r g  [ 5 ] ) ,  w h i c h  p r e d i c t s  f o r  t h e  
y e a r  1 9 7 0  a number  o f  c a .  2 , 0 0 0  a c c i d e n t  d e a t h s  a n d  f o r  1 9 8 0  a num
b e r  o f  8 , 0 0 0 .  

Even i f  t h e s e  p r e d i c t i o n s  
m i g h t  b e  a f f l i c t e d  w i t h  c o n 
s i d e r a b l e  r a t e  a n d  t h u s  o f  t h e

1 a c c i d e n t  p r o b a b i l i t y  c a n  n e v e r -
zoom % $  t h e l e s s  b e  d e d u c e d  f rom t h e m .
-2s  a,

G p  If o n e  s i m p l y  t a k e s  t h e  
-4  a, &( p r e s e n , t  number  o f  a c c i d e n t  
Po0 

4 
:a; d e a t h s  o f  7 5 0 / y e a r  as  g i v e n ,  

19% 1960 197J i9m nm zm am 	 t h e  a c c i d e n t  r a t e  w o u l d ,  w i t h  
t h e  d o u b l e d  v a l u e  o f  t h e  p r e 
s e n t  t r a f f i c  l o a d  o f  200.109 

F i g .  3 .  Advance  E s t i m a t e  o f  A c - p a s s e n g e r - k  w h i c h  m i g h t  b e  
c i d e n t  D e a t h s  A s  W e l l  A s  T o t a l  r e a c h e d  i n  B 7 0 ,  l i k e w i s e  h a v e  
T r a n s p o r t  C 5 ,  7 1 .  t o  b e  r e d u c e d  by  t h e  f a c t o r  

t w o .  

However ,  i f  o n e  c o n s i d e r s  t h e  p l a n n e d  a d o p t i o n  o f  l a r g e  c a p a - /5 
c i t y  a i r c r a f t  w i t h  t r a n s p o r t  f a c i l i t i e s  f o r  5 0 0  p e r s o n s ,  t h e  p r e 
s e n t  number  ca .  25 a c c i d e n t s  o f  c o m m e r c i a l  a i r c r a f t  as a mean v a l u e  
o f  t h e  l a s t  5 y e a r s  ( a f t e r  ICAO [ 4 ] >  would  r e s u l t  i n  a number  of 
5 7 5 0  a c c i d e n t  d e a t h s  a t  a l o a d  f a c t o r  o f  5 0 % ,  s o  t h a t  a l o w e r i n g  

3 



o f  t h e  a c c i d e n t  r a t e  b y  a t  l e a s t  o n e  o r d e r  of m a g n i t u d e  a p p e a r s  
d e s i r a b l e .  

I n  n u m e r i c a l  v a l u e s  t h i s  demand m e a n s :  

The a c c i d e n t  r a t e  s h o u l d  b e  l o w e r e d  f r o m  ca. 3 ~ 1 0 - ~h - l  r e s p .  
5-10-9 km-I t o  a v a l u e  of  3 - 1 0 - 7  h - l .  (A s i m i l a r  s t a n d a r d  f o r  a u t o 
m a t i c  l a n d i n g  h a s  b e e n  e s t a b l i s h e d  a f t e r  E 1 9 1  b y  t h e  A i r  R e g i s t r a 
t i o n  B o a r d  (ARB) o f  E n g l a n d :  . t h e  a c c i d e n t  p r o b a b i l i t y  p e r  l a n d i n g  
s h o u l d  n o t  e x c e e d  0 . 6 5 ~ 1 0 - ~ ) .  

F i g u r e  4 shows t h e  d i s t r i b u t i o n  o f  a c c i d e n t s  o v e r  t h e  v a r i o u s  
f l i g h t  p h a s e s  a f t e r  H e r t e l  C 6 l  a n d  E g g e r s  C71. I t  c a n  b e  s e e n  t h a t  
more t h a n  5 0 %  o f  a l l  a c c i d e n t s  t a k e  p l a c e  d u r i n g  l a n d i n g ,  a n d  t h a t  
n e a r l y  2 0 %  o f  t h e  a c c i d e n t s  c a n n o t  b e  t r a c e d  b a c k  t o  human f a i l u r e ,  
i . e .  e r r o r s  i n  f l i g h t  p i l o t i n g .  I t  a p p e a r s  q u e s t i o n a b l e  w h e t h e r  a 
d e c i s i v e  i m p r o v e m e n t  o f  human f l i g h t  p i l o t i n g  i s  p o s s i b l e  i n  t h e  
c a s e  o f  t h e  a l r e a d y  h i g h  l e v e l  t r a i n i n g  o f  t o d a y .  

T a x i i n g  
T a k e o f f  

L a n d i n g  

F i g .  4 .  D i s t r i b u t i o n  o f  A c c i d e n t s  Over  
V a r i o u s  F l i g h t  P h a s e s  A c c o r d i n g  t o  [ 6 ,  7 1 .  

Th p r o b a b i l i t y  o f  e n d i n g  a f l i g h t  w i t h o u t  a n  a c c i d e n  , : . e .  
f l i g h t  s a f e t y ,  i s  e s s e n t i a l l y  t h e  p r o d u c t  o f  t h e  f o l l o w i n g  p r o b a b i l r  
i t i e s :  

1. R e l i a b i l i t y  o f  a i r c r a f t  frame 
2 .  11 p r o p u l s i o n  u n i t  
3 .  11  g u i d a n c e  
4 .  I 1  l a n d i n g  g e a r  
5 .  I I  i n s t r u m e n t a t i o n  
6 .  I 1  f l i g h t  p i l o t i n g  
7 .  	 11 A i r  T r a f f i c  C o n t r o l  and  

r e l a t e d  g r o u n d  i n s t a l l a t i o n s  

C o r r e s p o n d i n g l y ,  t h e  t o t a l  a c c i d e n t  p r o b a b i l i t y  i s  t h e  sum o f  
t h e  a c c i d e n t  p r o b a b i l i t y  o f  t h e  c i t e d  p o i n t s .  A s  a l r e a d y  m e n t i o n e d ,  
a s h a r e  o f  ca .  8 0 %  o f  it f a l l s  t o  f l i g h t  p i l o t i n g ,  s o  t h a t  i t  a p 
p e a r s  p e r m i s s i b l e  t o  e q u a t e  i n  t h e  f i r s t  a p p r o x i m a t d o n  r e l i a b i l i t y  
o f  f l i g h t  p i l o t i n g  s y s t e m s  and  f l i g h t  s a f e t y .  

4 
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A c c i d e n t s  w h i c h  c a n  b e  t r a c e d  b a c k  t o  a f a i l u r e  o f  p r e s e n t l y  
u s e d  f l i g h t  c o n t r o l s y s t e m s  s e l d o m  a p p e a r  i n  t h e  o f f i c i a l  s t a t i s t i c s  
o f  c o m m e r c i a l  a v i a t i o n  [ 8 ] :  f r o m  1 9 5 1  t o  1 9 6 4  o n l y  4 cases  a r e  
n o t e d ,  o f  wh ich  2 w e r e  o n l y  n e a r - a c c i d e n t s .  

The r e a s o n  f o r  t h i s  a p p a r e n t l y  s l i g h t  a c c i d e n t  r a t e  i s  l e s s  a 
m a t t e r  o f  s u f f i c i e n t  r e l i a b i l i t y  o f  f l i g h t  c o n t r o l  s y s t e m s ,  a s  w i l l  
b e  s h o w n ,  t h a n  o f  t h e  f a c t  t h a t ,  on  t h e  o n e  h a n d ,  t h e  e s p e c i a l l y  
c r i t i c a l  p h a s e s  s u c h  as  t a k e - o f f  a n d  l a n d i n g  a r e  n o t  y e t  a u t o m a t e d ;  
on  t h e  o t h e r  h a n d ,  t h e  e n g a g e d  a u t o p i l o t  i s  c o n t i n u a l l y  s . u p e r v i s e d  
by t h e  p i l o t  a n d  c a n  b e  o v e r r i d d e n .  A few more  r e c e n t  a u t o p i l o t  
s y s t e m s  d i s e n g a g e  t h e m s e l v e s  a u t o m a t i c a l l y  i f  a m a l f u n c t i o n  o c c u r s  
i n  t h e  s y s t e m ,  i n  o r d e r  t o  h o l d  t h e  a i r c r a f t  i n  a t r i m  s t a t e .  

A u t o p i l o t s  h a v e  s p e c i a l  s i g n i f i c a n c e  f o r  v e r t i c a l  t a k e - o f f  a n d  
l a n d i n g  a i r c r a f t  (VTOL), s i n c e  t h e s e  c a n n o t  b e  s t a b i l i z e d  w i t h  s u f 
f i c i e n t  f l i g h t  s a f e t y  as a c o n s e q u e n c e  t o  t h e  human l a c k  o f  i n h e r e n t  
s t a b i l i t y .  

The p l a n n e d  a d o p t i o n  o f  a i r c r a f t  f o r  s u p e r s o n i c  a i r  t r a f f i c  -
makes  , m o r e o v e r ,  a n  a u t o m a t i z a t i o n  o f  t h e  s t e e r i n g  a n d  n a v i g a t i o n  
p r o c e s s e s  n e c e s s a r y  a s  a c o n s e q u e n c e  o f  s m a l l  r a n g e  t o l e r a n c e  a s  
w e l l  as for e c o n o m i c  r e a s o n s .  

The a d o p t i o n  o f  v e r t i c a l  f l i g h t  t e c h n i q u e s  h a s ,  f o r  e x a m p l e ,  
b e e n  recommended for t h e  i m p r o v e m e n t  o f  f l i g h t  s a f e t y  [ 7 1 . - A f u r 
t h e r  p o s s i b i l i t y  i s  an i m p r o v e m e n t  o f  a i r  t r a f f i c  c o n t r o l ,  e s p e c i a l 
l y  o f  t h e  l a n d i n g  p r o c e s s .  The d e c i s i v e  s t e p  c o u l d  t a k e  p l a c e  by  
means o f  a u t o m a t i n g  t h e  e n t i r e  f l i g h t  p i l o t i n g  p r o c e s s ,  i f  s u c c e s s  
c o u l d  b e  a t t a i n e d  i n  m a k i n g  i t  more  r e l i a b l e  t h a n  human f l i g h t  
p i l o t i n g .  I f  f l i g h t  p i l o t i n g  i s  t r a n s f e r r e d  t o  a n  a u t o m a t i c  f l i g h t  
p i l o t i n g  s y s t e m ,  i t s  r e l i a b i l i t y  becomes  e q u a l  t o  f l i g h t  s a f e t y ,  
i . e .  i t s  m a l f u n c t i o n  p r o b a b i l i t y  becomes  e q u a l  t o  a c c i d e n . t  p r o b a b i l 
i t y .  

T h u s ,  t h e  same s t a n d a r d  w o u l d  h a v e  t o  h o l d  t r u e  for t h e  r e l i 
a b i l i t y ,  r e s p .  m a l f u n c t i o n  p r o b a b i l i t y  o f  s u c h  a f l i g h t  p i l o t i n g  
s y s t e m ,  w h i c h  h a s  b e e n  e s t a b l i s h e d  f o r  f l i g h t  s a f e t y ,  r e s p .  a c c i d 
e n t  p r o b a b i l i t y .  

1 . 2 .  D e v e l o p m e n t a l  P h a s e s  o f  A u t o m a t i c  P i l o t i n g  

1 . 2 . 1 .  GENERAL INFORMATION O N  F L I G H T  P I L O T I N G  

A t  p r e s e n t  , p r i m a r y  p a r t i a l  p a t h s  o f  f l i g h t  p i l o t i n g ,  e s p e c i a l 
l y  f l i g h t  a t t i t u d e  s t a b i l i z a t i o n ,  as w e l l  as a p a r t  o f  s t e e r i n g ,  a r e  
a u t o m a t e d  by  means  o f  t h e  f l i g h t  c o n t r o l  s y s t e m s  a v a i l a b l e  t o d a y ,  
w h i c h  a r e  i n s t a l l e d  on b o a r d  a l l  l a r g e r  a i r c r a f t .  The p r i n c i p a l  
p u r p o s e  o f  a p p l i c a t i o n  o f  a u t o p i l o t s  l i e s  a t  p r e s e n t  i n  a b r i e f  r e 
l e a s e  o f  t h e  p i l o t  f r o m  t h e  t a s k  o f  s t a b i l i z a t i o n  a n d  c o u r s e - a l t i 
t u d e  b e a r i n g s .  The t e c h n i c a l  r e a l i z a t i o n  o f  t h e  f l i g h t  p i l o t i n g  
f u n c t i o n s ,  w h i c h  h a v e  b e e n  r e s e r v e d  u n t i l  now e x c l u s i v e l y  f o r  t h e  
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p i l o t ,  s u c h  as t a k e - o f f  a n d  l a n d i n g  as w e l l  a s  c e r t a i n  n a v i g a t i o n a l / 8
t a s k s ,  i s  p o s s i b l e  a n d  i s  b e i n g  t e s t e d .  

The e s s e n t i a l  p r o b l e m s  o f  a u t o m a t i c  p i l o t i n g ,  f l i g h t  s a f e t y  or 
o p e r a t i o n a l  r e l i a b i l i t y  h a v e ,  h o w e v e r ,  n o t  b e e n  s o l v e d  t o  a s u f 
f i c i e n t  e x t e n t .  

F l i g h t  A t t i t u d e  S t a b i l i z a t i o n  ( F l i g h t  C o n t r o l )  

S y s t e m s  w h i c h  f u l f i l l  t h e  t a s k  o f  f l i g h t  a t t i t u d e  s t a b i l i z a t i o n  
o f  a i r c r a f t  a r e  known as  s t a b i l i z i n g  a u t o p i l o t s .  G y r o s c o p e s  w h i c h  
g i v e  o f f  t o r s i o n a l  s i g n a l s  a r o u n d  a n  a x i s  f o r  f l i g h t  a t t i t u d e  or 
a n g u l a r  v e l o c i t y  s e r v e  a s  s e n s o r s .  L i n e a r  a n d  a n g u l a r  a c c e l e r o m e t 
e r s  a r e  u s e d  i n  a d d i t i o n  for t h e  p u r p o s e  o f  i m p r o v e m e n t  o f  c o n t r o l  
b e h a v i o r .  The s i g n a l s  a r e  p r e p a r e d  i n  a c o m p u t e r a m p l i f i e r  s o  t h a t  
t h e y  c a n  c o n t r o l  s e r v o m e t e r s  w h i c h ,  f o r  t h e i r  p a r t ,  u n d e r t a k e  c o n 
t r o l  s u r f a c e  a d j u s t m e n t s  a n d  t h e r e b y  i n f l u e n c e  f l i g h t  a t t i t u d e .  
I n  h i g h  p e r f o r m a n c e  a i r c r a f t ,  a d d i t i o n a l  damping  g y r o  r e g u l a t o r s  
o f t e n  s e r v e  t h e  p u r p o s e  o f  s u p p r e s s i n g  v i b r a t i o n s  a r o u n d  t h e  v a r i o u s  
a x e s .  S p e c i a l  s i g n i f i c a n c e  a c c u r e s  t o  a u t o p i l o t s  i n  f a n  V T O L  a i r 
c r a f t ,  s i n c e  as  a c o n s e q u e n c e  o f  l a c k i n g  a e r o d y n a m i c  i n h e r e n t  
s t a b i l i t y ,  a s t a b i l i z a t i o n  by  t h e  p i l o t  i s  n o r m a l l y  n o t  p o s s i b l e  i n  
h o v e r  f l i g h t .  

S t e e r i n g  ( S t e e r i n g  C o n t r o l )  

The s t e e r i n g  o f  t h e  a i r c r a f t  c a n  b e  u n d e r t a k e n  t h r o u g h  t h e  
command v a r i a b l e  o f  t h e  s t a b i l i z i n g  s y s t e m  i n  t h e  f o r m  o f  a s e r i e s  
c o n t r o l .  The i n f l u e n c e  o f  t h e  f l i g h t  a t t i t u d e ,  a n d  o f  t h e  f l i g h t  
p a t h  as w e l l  t a k e s  p l a c e  e i t h e r  t h r o u g h  p r e c e s s i o n  moments i n  t h e  
g y r o s c o p e  or t h r o u g h  d i r e c t  m i x t u r e  o f  t h e  s i g n a l s  i n  t h e  c o m p u t e r s ,  
r e s p .  a m p l i f i e r s .  I f  t h e  f l i g h t  p i l o t i n g  t h r o u g h  t h e  a u t o p i l o t  
t a k e s  p l a c e  m a n u a l l y ,  t h e s e  s t e e r i n g  s i g n a l s  a r e  r emoved  f rom t h e  
c o n t r o l  k n o b s  on  t h e  c o n t r o l  u n i t  by a p p r o p r i a t e  m e c h a n i c a l - e l e c t r i c 
a1  p i c k u p .  Wi th  " a u t o m a t i c  s t e e r i n g " ,  t h e  s t e e r i n g  s i g n a l s  come 
d i r e c t l y  f rom t h e  same or s i m i l a r  p o s i t i o n  s e n s o r s  ( n a v i g a t i o n  r e - / 9  
c e i v e r s  , c o m p a s s - d i r e c t e d  c o u r s e  g y r o  s y s t e m s  or a i r  d a t a  t r a n s m i t 
t e r s ) ,  a s  t h e y  a r e  p r e s e n t e d  t o  t h e  p i l o t  i n  t h e  case o f  m a n u a l  
f l i g h t  p i l o t i n g  t h r o u g h  i n d i c a t o r s .  I n  e a c h  c a s e  a c c o r d i n g  t o  mode 
o f  o p e r a t i o n ,  t h e  a z i m u t h a l  ( c o u r s e )  p i l o t i n g  i s  c o n c e r n e d  w i t h  
s i g n a l s  o f  c o m p a s s d i r e c t e d  c o u r s e  g y r o s c o p e s  , t h e  m o s t  v a r i o u s  r a d i o  
l o c a t i o n  s y s t e m s  r e s p .  e s c e c i a l l y  r a d i o  compass  (ADF) a n d  VOR r e s p .  
l a n d i n g  c o u r s e  r e c e i v e r s  of t h e  I L S .  B u t  a l s o  p o s s i b l e  a r e  s t e e r i n g  
s i g n a l s  w i t h  h y p e r b o l i c  m e t h o d s ,  as f o r  e x a m p l e ,  D e c c a ,  as  w e l l  as 
s i g n a l s  f r o m  D o p p l e r  r a d a r  s y s t e m s  a n d  t h e  i n e r t i a l  n a v i g a t i o n  
s y s t e m s  e s p e c i a l l y  i m p o r t a n t  f o r  t h e  f u t u r e .  F o r  v e r t i c a l  p i l o t i n g ,  
s i g n a l s  f r o m  b a r o m e t r i c  a l t i m e t e r s  a n d  r a d i o  a l t i m e t e r s  as w e l l  a s  
s i g n a l s  o f  t h e  g l i d e  p a t h  r e c e i v e r  I L S  come i n t o  q u e s t i o n .  I n  g e n 
e r a l ,  t h e r e  a l s o  b e l o n g s  t o  s t e e r i n g  t h e  c o n t r o l  o f  f l i g h t  v e l o c i t y  
e i t h e r  by  a n  a u t o t h r o t t l e  or o v e r  p i t c h  a n g l e  g u i d a n c e .  The s e n s o r s  
f o r  t h i s  p u r p o s e  a r e  i n d i c a t o r s  o f  s t a t i c  a i r  s p e e d  a n d  a n g l e  o f  
i n c i d e n c e .  
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A u t o m a t i o n  

t 

19D m m-ma 

Y e a r  

F i g .  5 .  A u t o m a t i o n  o f  P a r t i a l  Task o f  F l i g h t  P i l o t i n g  


1. Fully a u t o m a t i c  f l i g h t  p i l o t i n g  s y s t e m ;  

2 .  	A u t o m a t i c  n a v i g a t i o n ,  ( i n e r t i a l  n a v i g a t i o n .  DME r a d a r .  P H I ,  


D o p p l e r  ; 

3 .  T a x i n g  ( l a n d i n g )  ; 

4 .  A u t o m a t i c  ( l i f t - o f f  and  t a k e - o f f ) ;  

5 .  L e v e l i n g  o f f  ( l a n d i n g ) ;  

6 .  A u t o - t h r o t t l e  ; 

7 .  G l i d e  p a t h  ( I L S ) ;  

8 .  L a n d i n g  c o u r s e  ( I L S ) ;  

9 .  S p e e d  ( I A S ,  Mach) ;  


10. UHF p i l o t i n g  (VOR); 

11. R a d i o - p i l o t i n g  (ADF NDB) ; 

12. T e l e c o m p a s s  p i l o t i n g  ; 

13. A l t i t u d e  m a i n t e n a n c e  ( b a r o m e t e r ) ;  

14. S t e e r i n g  m a n u a l  ; 

15. F l i g h t  a t t i t u d e  S t a b i l i z a t i o n  3 - a x e s  2 - a x e s  1 - a x e s  
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P r i m a r y  e l e m e n t s ,  a m p l i f i e r s ,  a c t u a t o F s  are componen. t s  of  t h e  
c o n t r o l .  A i r c r a f t  f rame or body a n d  c o n t r o l  s u r f a c e s  f o r m  t h e  Con
t r o l l e d  S y s t e m .  The d e s c r i p t i o n  o f  t h e  c o n t r o l l e d  s y s t e m  t a k e s  
p l a c e  by  means  o f  f l i g h t  m e c h a n i c s .  The o p t i m i z a t i o n  o f  t h e  co 
o p e r a t i o n  of t h e  c o n t r o l  s y s t e m  members i s  t h e  t a s k  o �  c o n t r o l  t e c h 
n o l o g y .  

The t o t a l i t y  o f  a l l  c o n t r o l  d e v i c e s  p a r t i c i p a n t  i n  f l i g h t  p i l o t 
i n g  s h o u l d  b e  c h a r a c t e r i z e d  as t h e  f l i g h t  c o n t r o l  s y s t e m .  A f l i g h t  
c o n t r o l  s y s t e m  c o m p r e h e n d s  , i n  e a c h  . c a s e  a c c o r d i n g  t o  c o m p l e x i t y ,  
s e v e r a l  a u t o p i l o t s  f o r  i n d i v i d u a l  f u n c t i o n s ,  as f o r  e x a m p l e :  

damping  g y r o  r e g u l a t o r  

s t a b i l i z a t i o n  c o n t r o l  

s t e e r i n g  c o n t r o l  w i t h  s e v e r a l  o p e r a t i o n a l  t y p e s  

s p e e d  g o v e r n e r  ( t h r u s t  c o n t r o l )  

h o v e r  c o n t r o l  ( f o r  VTOL). 


The p r e s e n t  a n d  p o s s i b l e  f u t u r e  t r a n s c r i p t i o n  o f  some o f  t h e  
t a s k s  of f l i g h t  p i l o t i n g  t o  f l i g h t  c o n t r o l  s y s t e m s  c a n  b e  s e e n ,  
p r e s e n t e d  c h r o n o l o g i c a l l y ,  i n  F i g u r e  5 .  

1 . 2 . 2 .  STABILIZING D E V I C E S ,  A U T O M A T I C  F L I G H T  
C O N T R O L ,  F L I G H T  C O N T R O L  SYSTEMS /11 

Four p e r i o d s  c a n  b e  r e c o g n i z e d  i n  t h e  d e v e l o p m e n t  a n d  e x p a n s i o n  
o f  t h e  f u n c t i o n s  o f  f l i g h t  c o n t r o l  s y s t e m s  a s  w e l l  a s  o f  t h e  i n f l u 
ence of t h e  a s s o c i a t e d  o p e r a t i o n a l  r e l i a b i l i t y  o f  t h e  s y s t e m s  ; t h e y  
w i l l  b e  d e s i g n a t e d  s u b s e q u e n t l y  as t h e  f i r s t  t o  t h e  f o u r t h  g e n e r a 
t i o n s .  

F i r s t  G e n e r a t i o n  

The a u t o p i l o t s  o f  t h e  f i r s t  g e n e r a t i o n  w e r e  s y s t e m s  f o r  t h e  
s t a b i l i z a t i o n  o f  f l i g h t  a t t i t u d e .  An a z i m u t h a l  s t e e r i n g  o f  t h e  a i r 
c r a f t  by t h e  a u t o p i l o t  t o o k  p l a c e  t o w a r d  t h e  e n d  o f  t h e  f i r s t  p e r i o d  
by means  o f  m o d u l a t i o n  o f  compass  s i g n a l s .  The f i r s t  g e n e r a t i o n  
c o m p r e h e n d e d  t h e  t i m e  s p a n  f r o m  1 9 1 4 - 1 9 4 0 .  The m o s t  i m p o r t a n t  
s y s t e m s  o f  t h i s  g e n e r a t i o n  as w e l l  as t h e i r  m a n u f a c t u r e r s  i n  t h e  
y e a r  o f  t h e i r  c o m m i s s i o n i n g  a re  s u m m a r i z e d  i n  T a b l e  1 a n d  d e s c r i b e d  
i n  more  d e t a i l  i n  [lo-161. 

The f i r s t  d e v e l o p m e n t  o f  a u t o p i l o t s  w a s  b e g u n  i n  1 9 0 9  b y  S p e r r y  
i n  New York .  I n  1 9 1 4 ,  S p e r r y  won t h e  f i r s t  p r i z e  o f  5 0 , 0 0 0  f r a n c s  
i n  c o m p e t i t i o n  i n  F r a n c e  w i t h  a t w o - a x e s  a u t o p i l o t  on b o a r d  a Cur
t i s s  S e a p l a n e ,  Ira d e v i c e  wh ich  makes f l y i n g  s a f e r "  [lo]. 

A f t e r  t h e  f i r s t  World  War i n  Germany,  t h e  f i r s t  a u t o m a t i c  f l i g h t  
c o n t r o l s  w e r e  d e v e l o p e d  by  C a p t .  Boykow. A s  a p r i v a t e  c i t i z e n  h e  
s e t  h i m s e l f  t h e  t a s k  o f  a u t o m a t i c  s t a b i l i z a t i o n  o f  a l l  t h r e e  a x e s  
as w e l l  as t u r n  a n d  b a n k  c o n t r o l s .  Boykow c a l l e d  h i s  d e v i c e  " a u t o 
p i l o t "  a n d  t h u s  a r o u n d  1 9 3 0  i n t r o d u c e d  t h i s  d e s i g n a t i o n  w h i c h  h a s  
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s i n c e  become p o p u l a r  C l l ] .  H i s  d e v e l o p m e n t s  were t h e n  t a k e n  o v e r  
b y  t h e  f i r m  S i e m e n s  A p p a r a t e  E M a s c h i n e n  (SAM). I n  s p i t e  of 
Boykow’s s u c c e s s  w i t h  t h e  t h r e e - a x e s  c o n t r o l ,  work w a s  b e g u n  on  t h e  
c o n s t r u c t i o n  of t h e  c o u r s e  c o n t r o l l e r  Krc E 1 3 1  i n  t h e  S i e m e n s -
Liemens-Luftfahrtgeratewerk (LGW) i n  H a k e n f e l d e  f o r  r e a s o n s  o f  c o s t  
a n d  w e i g h t  o f  t h e  l i m i t a t i o n  d e c i d e d  on b y  C a p t .  W .  Mijl ler a t  t h e  
Askon ia -Werken  i n  c o o p e r a t i o n  w i t h  L u f t h a n s a  t o  t h e  c o n t r o l  o f  
c o u r s e  a x e s .  The f i r m  A s k o n i a  on t h e  o t h e r  h a n d ,  p r e p a r e d  t h e  t h r e e -
a x e s  f l i g h t  c o n t r o l  A - 2  o f  S p e r r y  i n  1 9 3 4  i n  B e r l i n .  

TABLE 1. A U T O P I L O T S  OF T H E  	 FIRST G E N E R A T I O N  
. - _- .- . . 

M a n u f a c t u r e r  b y  T J T D ~  

spew S t a b  i1iz a t i’o n 
d e v i c e  

1914 

A - 2  1932 

Siemens K 4 u  1937 

K 12 1940 

Arkonia Lstz 14c 1938 

D e s i g n a t i o n  
Y e a r  

S e c o n d  G e n e r a t i o n  

The a u t o p i l o t s  o f  t h e  s e c o n d  g e n e r a t i o n s  a r e  d i s t i n g u i s h e d  b y  
_ n c r e a s i n g  a p p l i c a t i o n  o f  e l e c t r o n i c s .  The c o m p u t e r a m p l i f i e r s  a r e  
t u b e - c o m p l i m e n t e d .  The f u n c t i o n  o f  t h e  a u t o p i l o t  i s  e s s e n t i a l l y  
e x p a n d e d .  I t  n o t  o n l y  c o m p r e h e n d s  t h e  s t a b i l i z a t i o n  o f  f l i g h t  a t 
t i t u d e ,  b u t  a l s o  p e r m i t s  t h e  m o d u l a t i o n  and  m a i n t e n a n c e  o f  b a r o 
m e t r i c  v a r i a b l e s  s u c h  as a l t i t u d e  a n d  v e l o c i t y ,  as  w e l l  as t h e  modu
l a t i o n  o f  r a d i o  n a v i g a t i o n a l  a i d s  a n d  l a n d i n g  a i d s  ( I L S ) ,  p r e s e l e c t 
e d  c u r v e s  and  m a n u a l  c o n t r o l  t h r o u g h  t h e  c o n t r o l  u n i t .  T h i s  s e c o n d  
p h a s e  o f  t h e  d e v e l o p m e n t  o f  f l i g h t  c o n t r o l  s y s t e m s  b e g a n  w i t h  t h e  
e n d  of  t h e  s e c o n d  World  War and  r e a c h e d  t o  a p p r o x i m a t e l y  1 9 5 5 .  

The m o s t  w i d e s p r e a d  s y s t e m s  o f  t h e  s e c o n d  g e n e r a t i o n  a r e  e n 
t e r e d  i n  T a b l e  2 .  

T A B L E  2 .  A U T O P I L O T S  OF THE SECOND G E N E R A T I O N  
-- ... -

M a n u f a c t u r e r  b y  type 

SPerV A - 1 2  1945 

Smiths s f p - 2  1946 

Ec lipse-Pi-r 
(&ndiX) PI - IO 1946 

D e s i g n a t i o n  Y e a r  
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T h i r d  G e n e r a t i o n  

The f l i g h t  c o n t r o l  s y s t e m s  o f  t h e  t h i r d  g e n e r a t i o n  ( c a .  1 9 5 5 - / 1 3-
6 4 )  e m p l o y e d  c o m p u t e r s  a n d  a m p l i f i e r s  t o  a l a r g e r  e x t e n t .  The 
f u n c t i o n s  o f  t h e  d e v i c e s  h a v e  b e e n  e x p a n c e d  a t  t h i s  t i m e  up t o  t h e  
p o i n t  o f  a u t o m a t i c  l a n d i n g  (SEP-4 i n  t h e  m i l i t a r y  d o m a i n ) .  An 
a u t o t h r o t t l e  i s  n o t  a l w a y s  a n  i n t e g r a t e d  componen t  o f  t h e s e  s y s t e m s .  

TABLE 3 .  F L I G H T  C O N T R O L  SYSTEMS OF THE T H I R D  G E N E R A T I O N S  

D e s i g n a t i o n  A i r c r a f t  
M a n u f a c t u r e r  by t y p e  Yea r  Model  

Smiths SEP-4 1956 

SPW SP-30 1956 
Ec lip-Pioneer 

(Bendix) 
PB-20 1957 

b a r  L-102 1958 

spsrry 9-3 1962 

Comet, Viscount 

DC-8 

B-707/720 


Camvellc (SE 210) 

8-727 

F o u r t h  G e n e r a t i o n  

A s t r i k i n g  c h a r a c t e r i s t i c  o f  t h e  f l i g h t  c o n t r o l  s y s t e m s  o f  
t h i s  m o s t  r e c e n t  g e n e r a t i o n  i s  t h e  p a r t i a l  a p p l i c a t i o n  o f  r e d u n d a n c y .  
The " m u l t i p l e x "  p h i l o s o p h y ,  5 . e .  t h e  u s e  o f  s e v e r a l  c o n t r o l  c h a n n e l s  
f u n c t i o n i n g  i n  a p a r a l l e l  f a s h i o n ,  w a s  d e v e l o p e d  by  t h e  E n g l i s h  
f i r m  S m i t h  a n d  w a s  f i r s t  employed  i n  t h e  a u t o p i l o t  s y s t e m  SEP-5 ,  
w h i c h  i s  i n s t a l l e d  a t  t h i s  t i m e  as t h e  d u p l e x  v e r s i o n  i n  t h e  H . S .  
T r i d e n t ,  a n d  as  t h e  t r i p l e x  v e r s i o n  i n  t h e  m i l i t a r y  a i r c r a f t  S h o r t  
B e l f a s t .  The e x p a n s i o n  o f  t h e  f u n c t i o n  o f  t h e  a u t o p i l o t  s y s t e m  a n d  
a u t o m a t i c  l a n d i n g  r e q u i r e d  , t e c h n o l o g i c a l l y  a c e r t a i n  e x p e n d i t u r e  
a n d  g r e a t e r  s t a n d a r d s  o f  t h e  r e l i a b i l i t y  o f  t h e  s y s t e m s  [17-211. 
The d e v e l o p m e n t  o f  v e r t i c a l  t a k e - o f f  t e c h n i q u e s  (VTOL) b r o u g h t  
s t r i c t e r  demands t o  t h e  r e l i a b i l i t y  o f  f l i g h t  c o n t r o l  s y s t e m s .  The 
r e l i a b i l i t y  o f  f l i g h t  c o n t r o l  s y s t e m s  i s  o f  s u c h  g r e a t  s i g n i f i c a n c e  , 
i n  t h i s  c a s e  f o r  f l i g h t  s a f e t y ,  s i n c e ,  as  m e n t i o n e d ,  a s t a b i l i z a t i o n  
o f  f l i g h t  a t t i t u d e  b y  t h e  p i l o t  d u r i n g  t h e  p r o c e s s  o f  p h y s i c a l  t a k e 
o f f  or l a n d i n g  i s  n o t  p o s s i b l e  i n  c o n s e q u e n c e  o f  l a c k  o f  n a t u r a l  
a e r o d y n a m i c  s t a b i l i t y .  

T a b l e  4 names a f e w  f l i g h t  c o n t r o l  s y s t e m s  o f  t h e  f o u r t h  g e n - / 1 4  
e r a t i o n .  

F l i g h t  C o n t r o l  Sys t em SEP-5 ( S m i t h s )  

The f l i g h t  c o n t r o l  s y s t e m  SEP-5 i s  p r o d u c e d  a t  p r e s e n t  i n  two  
v a r i a t i o n s  ( c o m p a r e  4 . 2 ) .  
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TABLE 4 .  A FEW FLIGHT CONTROL SYSTEMS OF 
THE FOURTH G E N E R A T I O N  

_ _ ~  .~ ~ _ _ - - .  ~. ._ ..-- - - __ . . .~ 

~e~ignat-on Year of A i r c r a f t  
M a n u f a c t u r e r  by t y p e  c o m m i s s i o n i n g  t y p e ,  

.~ .
4 
a Smith  SEP-5 1?64 Tri&nt, Llfolt

dlk 

0 Ell iot  AFCS f. vc-IO 1964 %-io 

-dlLl 

Smiths S E p d  - I 

g!: sp.rr), 9-77 1%7 m-737 
;,a ___--.-. _I-.

0 Honeywell MH-123 1w1 VJ-IOI< 

6 Smithr +I 1%4 00-31 
I-> Elliot I+) 1964 div. VTOL 

- -~~ 

+ ) + + )  P r o p o s a l s  f o r  V T O L  a u t o p i l o t s .  

1. A s  " D u p l e x " - v e r s i o n  f o r  t h e  a i r c r a f t  H . S .  T r i d e n t  o f  BEA 
2 .  	 A s  " T r i p l e x T 1 - v e r s i o n  f o r  m i l i t a r y  t r a n s p o r t  a i r c r a f t  

" B e l f a s t "  ( S h o r t  B r o s ,  and  H a r l a n d ) .  

A u t o m a t i c  F l i g h t  C o n t r o l  S y s t e m  
(AFCS) o f  E l l i o t  f o r  t h e  V C - 1 0  

E l l i o t  Bros., L t d . ,  E n g l a n d  [ 2 2 ]  h a d  d e v e l o p e d  a f l i g h t  con- /15 
t r o l  s y s t e m  for t h e  V C - 1 0  on t h e  b a s i s  o f  t h e  f l i g h t  c o n t r o l  s y s t e m  
P B - 2 0 ,  ( B e n d i x ) .  

S p e c i a l .  t e c h n i q u e s  o f  r e d u n d a n c y  come i n t o  u s e  h e r e ,  w h i c h  
e . g . ,  a l s o  p r o v i d e  a s u b d i v i s i o n  o f  t h e  c o n t r o l  s u r f a c e s .  A i l e r o n s  
a r e  t w i c e  s u b d i v i d e d  p e r  s u r f a c e ,  t h e  s i d e  r u d d e r  t h r e e - f o l d .  The 
c o n t r o l  o f  t h e  s u r f a c e s  c a n  b e  s e e n  i n  F i g u r e  6 i n  t h e  e x a m p l e  o f  
t h e  s i d e  r u d d e r .  The t h r e e  s i d e  r u d d e r  damping  g y r o  r e g u l a t o r s  
( o f  t h o s e ,  o n e  s t a n d b y  s y s t e m )  f u n c t i o n  i n  p a r a l l e l  ' f a s h i o n  w i t h  t h e  
p e d a l s  o f  t h e  p i l o t  C 2 3 1 .  

The a c t u a l  f l i g h t  c o n t r o l  s y s t e m  i s  " d u p l i c a t e d - m o n i t o r e d "  ac
c o r d i n g  t o  t h e  s p e c i f i c a t i o n s  o f  t h e  m a n u f a c t u r e r  a n d  i s  p r e s e n t e d  
i n  F i g u r e  7 .  

The d e s  i g n a t  i o n  " d u p l i c a t e  d - m o n i t  o r e  d" c h a r a c t e r i z e s  a qu a d r u - r  16 
_c_p l e x  r e d u n d a n t  s y s t e m  w h i c h  i s  b r o k e n  down i n t o  two d o u b l e  ma in  

s y s t e m s .  One m a i n  s y s t e m  c o n t a i n s  e a c h  a s s e m b l y  i n  s o - c a l l e d  
" m o n i t o r e d "  f a s h i o n  [ 2 2 ,  2 3 1 ,  i n  p r i n c i p l e  d u a l l y  r e d u n d a n t .  I t  i s  
p o s s i b l e  by  means  of  t h i s  t o  p e r m i t  i n d i c a t i o n s  o f  e r r o r s  ( ? . e .  
d i f f e r e n c e s  b e t w e e n  a s s e m b l y  a n d  i t s  m o n i t o r i n g  u n i t s ) ,  or t o  u s e  
them for t h e  a c t i v a t i o n  o f  a n  a u t o - c h a n g e o v e r  u n i t  t o  t h e  s e c o n d  
named s y s t e m .  ( A t  p r e s e n t ,  t h e  a u t o - c h a n g e - o v e r  i s  c a r r i e d  o u t  b y  
t h e  p i l o t ) .  I n  t h i s  way a m a l f u n c t i o n  i n  t h e  s y s t e m  c a n  b e  s u r v i v 
e d .  
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F l i g h t  C o n t r o l  S y s t e m  
S p e r r y  SP-77 

The f l i g h t  c o n t r o l  s y s t e m  /'17-
SP-77 w a s  d e s i g n e d  f o r t h e  a i r 
c r a f t  B o e i n g  B-737 a n d  r e p r e 
s e n t s  a n  a d v a n c e d  d e v e l o p m e n t  
o f  t h e  SP-50 C241. 

D e v e l o p m e n t s  o f  t h e  German 
A u t o p i l o t  F i r m s .  A f t e r  The 

S e c o n d  World War 

F i g .  6 .  S i d e  R u d d e r  C o n t r o l  F l u g g e r a t e w e k  Bodensee  
( S c h e m a t i c )  o f  V C - 1 0  A f t e r  [ 2 3 1 .  

The F l u g g e r z t e w e r k  B o d e n s e e  
i s ,  as a s u c c e s s o r  f i r m  o f  A s k a n i a  u n d e r  t h e  d i r e c t i o n  o f  W .  M B l l e r ,  
c o n c e r n e d  w i t h  t h e  d e v e l o p m e n t  o f  a u t o p i l o t s  f o r  V T O L  a n d  c o n v e n 
t i o n a l  a i r c r a f t .  The t e n d e n c y  i s  t o  c r e a t e  a u n i v e r s a l l y  a p p l i c 
a b l e - s o  c a l l e d - s t a n d a r d  a u t o p i l o t .  T h e r e  a r e  a t  p r e s e n t  s e v e r a l  
t y p e s  o f  a u t o p i l o t  w h i c h  h a v e  b e e n  t e s t e d  i n  v a r i o u s  a i r c r a f t ,  s u c h  
as  V J - 1 0 1 ,  Nord 2 5 0 1 ,  Do-31 as w e l l  as  i n  a number  o f  c i v i l i a n  a i r -

R e a d i n g  + c o n t r o l  u n i t  
f o r  1 s t  p i l o t------_-_ __

r I I 

R e a d i n g  t c o n t r o l  u n i t  
f o r  2nd p i l o t  

1. 


2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
9 .  

1 0 .  
11. 
1 2 .  
1 3 .  
1 4 .  
1 5 .  

l a n d i n g  c o u r s e  r e  

c e i v e r  

g l i d e  p a t h  r e c e i v e r  

r a d i o  a l t i m e t e r  

a i r  d a t a  c o m p u t e r  

m o n i t o r  

t h r o t t l e  

r o  11 

Y a w  

p i t c h  

m o n i t o r - a u t o p i l o t  

c h a n g e  o v e r  

e n g i n e s  ( t h r u s t )  

a i l e r o n s  ( d i v i d e d )  

s i d e  r u d d e r s  ( d i v .  

e l e v a t o r s  ( d i v i d e d )  


F i g .  7 .  F l i g h t  C o n t r o l  S y s t e m s  o f  t h e  V C - 1 0  
( P r i n c i p l e  P r e s e n t a t i o n )  A f t e r  C231. 
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c r a f t .  The s i n g l e  a x i s  a u t o p i l o t  FRG-5-3 h a s  b e e n  p e r m i t t e d  i n  t h e  
c i v i l  domain  s i n c e  1 9 6 0 .  

The h e i g h t e n e d  demands o f  t h e  VTOL- techn ique ,  �or w h i c h  t h e  
Bodenseewerk  a u t o p i l o t  f o r  t h e  a i r c r a f t  VJ -101  and  Do-31 as w e l l  as  
f o r  t h e  A V L  German-Amer ican  p r o j e c t  p r o v i d e s  h a v e  o c c a s i o n e d  t h e  
b e g i n n i n g  o f  p l a n n i n g  a n d  d e v e l o p m e n t  o f  r e d u n d a n t  a u t o p i l o t s .  

V e r e i n i g t e  F l u g t e c h n i s c h e  Werke VFW 
( p r e v i o u s l y  Focke-Wulf  a n d  Weser  F l u g z e u g b a u )  

The VFW i n  Bremen i s  c o n c e r n e d  w i t h  t h e  d e v e l o p m e n t  o f  a n  a u t o 
p i l o t  w h i c h  i s  c o n c e p t u a l i z e d  f o r  t h e  v e r t i c a l  t a k e - o f f  f i g h t e r  p l a n e  
VAK-191. 

The f i r s t  p r o p o s a l  f o r  t h i s  a u t o p i l o t  t y p e  o f  t h e  VFW i s  c o n 
c e r n e d  w i t h  a t r i p l e x  r e d u n d a n t  , i n t e r m e s h e d  t y p e  ( d e s i g n a t e d  by  
VFW as  t h e  " T r i p l e x "  a u t o p i l o t )  w h i c h  p r o v i d e s  a t r i p l e x  a r r a n g e 
ment  o f  a s s e m b l i e s  , g y r o s c o p e s  a n d  a m p l i f i e r s .  T h r e e  p o s i t i o n  g y r o s  
a r e  p r o v i d e d  as  p r i m a r y  e l e m e n t s ,  w h i c h  g i v e  o f f  e a c h  s i g n a l  p r o 
p o r t i o n a l l y  t o  d e v i a t i o n  f rom p o s i t i o n .  I n  o r d e r  t o  o b t a i n  a s i g 
n a l  p r o p o r t i o n a l  t o  a n g u l a r  v e l o c i t y ,  t h e  p o s i t i o n  s i g n a l  i s  e l e c - /le 
t r i c a l l y  d i f f e r e n t i a t e d  i n  t h e  a m p l i f i e r  [ 2 5 ,  2 6 1 .  

D e t a i l s  on t h e  d e v e l o p m e n t a l  h i s t o r y  o f  f l i g h t  c o n t r o l  s y s t e m s  
a r e  f o u n d  i n :  

Wendro th  [ 2 7 ]  , J o h n s o n  [ 2 8 ]  , von M a n t e u f f e l  [I11 , Wiren  E291 , 
i n  D r a p e r  [ 3 0 ] ,  R i c h a r d s o n  1 3 1 1 ,  B l a k e l o k  C321 a n d  [ l o ] .  

1 . 2 . 3 .  F U R T H E R  P U B L I S H E D  P R O P O S A L S  FOR R E D U N D A N T  
F L I G H T  C O N T R O L  SYSTEMS 

A s i d e  f r o m  t h e  a t t e m p t  t o  h e i g h t e n  s y s t e m s  r e l i a b i l i t i e s  
t h r o u g h  i m p r o v e m e n t  o f  t h e  r e l i a b i l i t y  o f  a s s e m b l i e s  a n d  c o n s t r u c 
t i o n a l  u n i t s ,  f u r t h e r  p r o p o s a l s  f o r  r e d u n d a n t  e x e c u t i o n s  o f  a u t o 
p i l o t s  h a v e  b e e n  made known a s i d e  f r o m  t h e  a l r e a d y  m e n t i o n e d  s y s t e m s  
o f  t h e  f i r m s  S m i t h s ,  E l l i o t  a n d  H o n e y w e l l .  

1. B e s i d e  t h e  d i s c u s s i o n  o f  t h e  a d v a n t a g e s  o f  a n  a d a p t i v e  
f l i g h t  c o n t r o l  s y s t e m  , t r i p l e x  r e d u n d a n c y  i s  recommended b y  
W h i t a k e r  a n d  K e z e r  ( M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y )  E331 
w i t h  r e f e r e n c e  t o  t h e  d e v e l o p m e n t  o f  t h e  f i r m s  S m i t h s  a n d  
E l l i o t  ( F e a r n s i d e  1 3 4 1  a n d  Howard C191.  

2 .  G e n e r a l  E l e c t r i c  i n v e s t i g a t e s  i n  [ 3 6 ]  t h e  p o s s i b i l i t y  
o f  a n  a d a p t i v e  r e d u n d a n t  f l i g h t  c o n t r o l  s y s t e m .  

I n  a r e c e n t  p u b l i c a t i o n  ( 1 9 6 6 1 ,  t h e  a d a p t i v e ,  t r i p l e x  r e 
d u n d a n t  f l i g h t  c o n t r o l  s y s t e m  o f  G e n e r a l  E l e c t r i c  i s  d e s c r i b 
e d  f o r  t h e  m i l i t a r y  a i r c r a f t  F-111 e q u i p p e d  w i t h  v a r i a b l e  sweep  
w i n g s  L371.  
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3 .  R e p o r t  i s  made i n  C381 on  t h e  d e v e l o p m e n t  of a d u p l e x  
r e d u n d a n t  , a d a p t i v e  a u t o p i l o t  by  S p e r r y  . 

4.  B e n d i x  ( E c l i p s e - P i o n e e r  D i v . )  makes  a p r o p o s a l  i n  [ 3 9 ] / 1 9
for a t r i p l e x  damping  g y r o  r e g u l a t o r  w i t h  a u t o m a t i c  e r r o r  d e 
t e c t i o n ,  f u n c t i o n i n g  a c c o r d i n g  t o  t h e  m a j o r i t y  p r i n c i p l e .  The 
m a j o r i t y  p r i n c i p l e  i s  d i s c u s s e d  i n  more  d e t a i l  i n  [40l. 

5 .  R e p o r t s  a re  made i n  C491 a n d  b y  Howard c 4 2 ,  4 3 1  on 
p r o p o s a l s  o f  t h e  f i r m  E l l i o t ,  e s p e c i a l l y  f o r  VTOL-hover a u t o 
p i l o t s .  R e f e r e n c e  i s  made t h e r e  t o  t h e  a d v a n t a g e s  of  t h e  c h o s e n  
d e s i g n  p r i n c i p l e  o f  " i n t e g r a l  r e d u n d a n c y " .  

6 .  The f l i g h t  c o n t r o l  s y s t e m  o f  L e a r - S i g g l e r ,  I n c .  f o r  
t h e  a i r c r a f t  Ling-Temco-Vought  A-7a ( C o r s a i r e  2 )  o f  t h e  A m e r i c a n  
Navy,  on w h i c h  a r e p o r t  i s  made i n  C441,  i s  a l s o  d u p l e x  r e d u n 
d a n t .  

7 .  New p r o p o s a l s  f r o m  v a r i o u s  m a n u f a c t u r e r s  f o r  r e d u n d a n t  
VTOL-hover a u t o p i l o t s  ( F l u g g e r s t e w e r k  B o d e n s e e ,  VFW, E l l i o t  
Bros., Hawker S i d d e l e y  D y n a m i c s ,  S m i t h s  A v . - D i v . )  f o r  t h e  a i r 
c r a f t  D o r n i e r  Do-31 a n d  VFW VAK-191 h a v e  b e e n  p u b l i s h e d  a n d  
i n v e s t i g a t e d  i n  t h e i r  own t h e o r e t i c a l  a n a l y s i s  a n d  compared  
C251. 

8 .  F u r t h e r ,  i n  C48-551 r e p o r t s  a r e  p r e s e n t e d  on p r o p o s a l s  
f o r  r e d u n d a n t  a u t o p i l o t s .  

9 .  P f a f f  E 4 6 1  g i v e s  a s u r v e ' y  on a few p o s s i b i l i t i e s  o f  
i m p r o v i n g  t h e  r e l i a b i l i t y  o f  a u t o p i l o t s  t h r o u g h  r e d u n d a n t  e x 
e c u t i o n s .  

An a t t e m p t  t o  c l a s s i f y  t h e  v a r i o u s  r e d u n d a n t  a r r a n g e m e n t s  
o f  a s s e m b l i e s  a n d  c o n t r o l  c h a n n e l s  i n  t h e  c a s e  o f  a u t o p i l o t s  
w a s  made b y  R o s s e r  a n d  t h i s  a u t h o r  i n  L-471. 

1 . 2 . 4 .  A U T O M A T I C  L A N D I N G  

The d i f f i c u l t i e s  i n v e s t e d  i n  mak ing  a u t o m a t i c  l a n d i n g  p o s s i b l e / 2 0
h a v e  two r e a s o n s .  

1. F l i g h t  s a f e t y :  t h e  a c c i d e n t - c a u s e  s t a t i s t i c s  ( F i g .  4 )  
show t h a t  l a n d i n g  i s  t h a t  p a r t i c u l a r  f l i g h t  p h a s e  i n  w h i c h  m o s t  
f a t a l  a c c i d e n t s  o c c u r .  

2 .  Economic  c o n s i d e r a t i o n s :  a c c o r d i n g  t o  R o s l e r  [56 ]  s u c h  
p o o r  w e a t h e r  e x i s t s  a t  t h e  a i r p o r t s  of t h e  w o r l d  a n  a v e r a g e  o f  2 0 0  
h o u r s  p e r  y e a r  ( b a s e d  on  s t a t i s t i c s  of  t h e  A m e r i c a n  A i r  W e a t h e r  
S e r v i c e )  t h a t  t h e  p r e s e n t  a p p r o a c h  minima f o r  j e t  a i r c r a f t  a r e  n o t  
m e t .  For p r o p e l l e r  d r i v e n  a i r c r a f t ,  t h e  number  l i e s  a t  1 2 0  h r s / y e a r .  
The l o s s  w h i c h  r e s u l t s  f r o m  t h i s  for c i v i l  a e r o n a u t i c s  i s  e s t i m a t e d  
a t  400  m i l l i o n  DM/year .  For t h e s e  two r e a s o n s ,  t h e  e f f o r t s  a r e  
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g r e a t  w h i c h  a r e  made on  a n  e c o n o m i c  l e v e l ,  a n d  b y  t h e  g o v e r n m e n t  
-(ICAO) as w e l l  as b y  t h e  c o m m e r c i a l  a i r l i n e s  ( IATA) ,  i n  o r d e r  t o  
a t t a i n  a l l - w e a t h e r  l a n d i n g .  I n  Germany t h e  b a s i c  p r i n c i p l e s  a r e  
b e i n g  e s t a b l i s h e d  by  t h e  " A r b e i t s k e e i s  B l i n d l a n d u n g " .  

The e f f o r t s  i n  t h e  d i r e c t i o n  o f  b e i n g  a b l e  t o  c a r r y  o u t  l a n d 
i n g s  u n d e r  any  w e a t h e r  c o n d i t i o n s  go b a c k  t o  t h e  y e a r s  o f  t h e  a d a p 
t a t i o n  o f  f l y i n g  b y  i n s t r u m e n t .  I n  1 9 3 2 ,  G l o e c k n e r  1 5 7 1  g i v e s  i n  
t h e  2 8 4 - t h  r e p o r t  o f  t h e  D V L ,  B e r l i n - A d l e r s h o f  a summary on p r o c e 
d u r e s  a n d  p o s s i b i l i t i e s  f o r  b l i n d  l a n d i n g s  i n  w h i c h  t h e  g u i d e  c a b l e  
m e t h o d  ( C o o c h ,  H a n s o n ,  L o t h )  a s  w e l l  a s  t h e  g l i d e  p a t h  m e t h o d  
(Diamond ,  Dunmore)  a r e  d e s c r i b e d ,  w h i c h  w e r e  l a t e r  t a k e n  up  a g a i n  
by  t h e  B . L . E . U .  

S p e c i a l  e f f o r t s  i n  t h e  a r ea  o f  t h e  d e v e l o p m e n t  o f  a n  o p e r a t i o n 
a l  a u t o m a t i c  l a n d i n g  s y s t e m  h a d  b e e n  made i n  E n g l a n d .  The B l i n d  
L a n d i n g  E x p e r i m e n t a l  U n i t  ( B . L . E . U . )  o f  t h e  R o y a l  A i r c r a f t  E s t a b l i s h 
men t  B e d f o r t  h a s  c a r r i e d  o u t  f u n d a m e n t a l  s t u d i e s  i n  c o o p e r a t i o n  
w i t h  t h e  f i r m s  S m i t h  S t a n d a r d  T e l e p h o n e s  E C a b l e s  ( r a d i o - a l t i m e t e r s )  
and  Murphy-Radio  ( p i l o t  c a b l e s )  [ 5 8 ,  5 9 1 .  The p r i n c i p l e  i t e m  o f  a n  
a u t o m a t i c  l a n d i n g  s y s t e m  i s  c o m p r i s e d  o f  a f l i g h t  c o n t r o l  s y s t e m  
e x p a n d e d  i n  f u n c t i o n  ( S E P - 2 ) .  The a l t i t u d e  a b o v e  g r o u n d  ( v e r t i c a l  L_/ 2 1  
p i l o t i n g )  i s  c o n t r o l l e d  i n  t h e  f i n a l  a p p r o a c h  a n d  l e v e l i n g  o f f  
p h a s e  by a r a d i o  a l t i m e t e r .  

A s p e c i a l  p r o b l e m  i s  p r e s e n t e d  b y  a z i m u t h a l  p i l o t i n g ,  s i n c e  
t h e  a v a i l a b l e  l a n d i n g  c o u r s e  t r a n s m i t t e r s  o f  t h e  I L S - s y s t e m  d i d  n o t  
p e r m i t  a s u f f i c i e n t l y  p r e c i s e  p i l o t i n g  t o  a p p e a r  p o s s i b l e .  For 
t h a t  r e a s o n  , t h e  a z i m u t h a l  p i l o t i n g  t h r o u g h  a p i l o t  c a b l e  s y s t e m  
l a y i n g  p a r a l l e l  t o  t h e  l a n d i n g  p a t h  w a s  e m p l o y e d  1 6 0 1 .  

The B . L  . E  .U . - s y s t e m  i s  c o n t i n u a l l y  b e i n g  d e v e l o p e d  , e s p e c i a l l y  
by t h e  S m i t h  Av. D i v i s i o n  [ 6 1 ,  6 2 1  and  i s  t o d a y  i n  t h e  d e v e l o p m e n t a l  
s t a g e s  o f  " a u t o - f l a r e "  a n d  " a u t o - l a n d "  , t h e  f i r s t - d e v e l o p e d  a u t o  
l a n d i n g  s y s t e m  [ 6 3 ] .  The main  component  c o n s i s t s  o f  t h e  f l i g h t  c o n 
t r o l  s y s t e m  SEP-5.  I n  t h e  a i r c r a f t  H.S. T r i d e n t  o f  t h e  B r i t i s h  
E u r o p e a n  A i r w a y s ,  t h e  " a u t o - f l a r e "  s y s t e m  w i t h  a z i m u t h a l  p i l o t i n g  
by t h e  p i l o t  d u r i n g  t h e  l e v e l i n g  o f f  a n d  l a n d i n g  h a s  b e e n  i n s t a l l e d  
i n  s e r i e s  w i t h  t h e  SEP-5 a u t o p i l o t  i n  d u p l e x  v e r s i o n s .  The " a u t o 
l a n d "  a l s o  h a s  a c o m p l e t e  a u t o m a t i c  a z i m u t h a l  p i l o t i n g  t h a t  i s  p r e 
s e n t l y  i n  t e s t i n g .  

The f l i g h t  c o n t r o l  s y s t e m  SEP-5 i s  i n s t a l l e d  i n  t h i s  case  as  a 
t r i p l e x - s y s t e m  ( s i n c e  t h e  November 1 8 ,  1 9 6 4  i n  t h e  e x p e r i m e n t a l  a i r 
c r a f t  T r i d e n t  G-ARPB). I n  t h e  t i m e  f r o m  J u n e  t o  D e c e m b e r ,  1 9 6 6 ,  4 0 0  
a u t o - f l a r e  l a n d i n g s  w e r e  c a r r i e d  o u t  i n  t h e  n o r m a l  l i n e  o f  t r a f f i c  / 2 2-o f  t h e  BEA C641.  

The p r o b l e m  o f  t h e  a z i m u t h a l  e x a c t  p i l o t i n g  i n  t h e  c a s e  o f  
" a u t o - l a n d "  p r o c e d u r e  h a s  come c l o s e r  t o  a s o l u t i o n  b y  t h e  d e v e l o p 
men t  o f  a new,  more  p r e c i s e  I L S - s y s t e m  [ 6 5 ] .  The p i l o t  c a b l e  m e t h o d  
l o n g  a g o  p r o v e d  t o  b e  t o o  e x p e n s i v e  for r e a s o n s  of i n s t a l l a t i o n  a n d  
c o s t .  
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A U T O M A T I C  L A N D I N G  SYSTEM 

No. D e s i g n a t i o n  P r o d u c e r  F l i g h t  C o n t r o l  A z i m u t h a l  V e r t i c a l  A i r c r a f t  
Sys t em P i l o t i n g  P i l o t i n g  Type 

B L E U - S m i t h s  Av. D i v .  S E P - 2  I L S - L O C  I L S - G P  R a d i o  T e s t e d  i n  
Sys t em S t a n d a r d  T e l .  A .  ( S m i t h s )  L e i t k a b e l  A l t i m e t e r  V a r s i t y  

C a b l e s  Murphy C a n b e r r a ,  
R a d i o  L t d .  DC-7 

Auto-Land-
Sys tem S m i t h s  Av. D i v .  SEP-5 I L S - L O C  I L S - G P  R a d i o  H . S .  T r i d e n t ,  

A l t i m e t e r  S h o r t  B e l f a s t  
A u t o m a t i c  E l l i o t  B r o s .  V C - 1 0  AFCS I L S - L O C  I L S - G P  R a d i o  VC-10 B A C - 1 1 1  
L a n d i n g  E l l i o t  2 1 0 0  A l t i m e t e r  
Sys t em 

AWLS L e a r  S i e g l e r  L - 1 0 2  I L S - L O C  I L S - G P  R a d i o  SE  2 1 0  
L-102 A l t i m e t e r  C a r a v e l l e  

A L S  
( A N - G S N - 5 )  

B e l l  T r a c k i n g  
r a d a r  and  

T r a c k i n g  
r a d a r  and  

No S p e c .  Type 

d a t a  l i n k  d a t a  l i n k  
A P N  1 1 4  A u t o n e t i c s  D i v .  

o f  N o r t h - A m e r i c a n  
I L S - L O C  I L S - G P  R a d i o  

A l t i m e t e r  
No S p e c .  Type 

A c l r m t r ,  
R A I L S  B e l l  H e l i c o p t e r  



A l s o  u n d e r  c o n s i d e r a t i o n  i s  i n s t a l l i n g  i n  t h e  p l a c e  o f  t h e  
c o n v e n t i o n a l  o p t i c a l  l a n d i n g  p a t h  l i g h t i n g  , m i c r o w a v e  r a d i o  r a n g e s  
whose p o s i t i o n  c a n  b e  r e f l e c t e d  t o  t h e  p i l o t  t h r o u g h  a n t e n n a s  a n d  
c o m p u t e r - r e c e i v e r s  o n t o  t h e  w i n d s h i e l d  as  a h e a d - u p  d i s p l a y  , w h i c h  , 
h o w e v e r ,  c a n  a l s o  t a k e  o v e r  t h e  a u t o m a t i c  c o u r s e  b e a r i n g  t h r o u g h  
s e r v o m o t o r s .  

I n  c i v i l  a i r  t r a f f i c ,  E l l i o t  Bros. h a v e  a l s o  c a r r i e d  o u t  d e 
v e l o p m e n t a l  s t u d i e s  
L e a r - S i e g l e r  o n  t h e  
r e l i a b i l i t y  o f  t h e  
t h e  m i l i t a r y  domain  
s y s t e m s  , e s p e c i a l l y  

on t h e  V C - 1 0  a n d  B A C - 1 1  [ 6 6 ,  1 7 1  as w e l l  as 
SE-210 ( C a r a v e l l e )  [ 6 7 ] .  C o n s i d e r a t i o n s  on t h e  

l a n d i n g  s y s t e m  a r e  f o u n d  i n  [21, 1 9 ,  6 8 1 .  I n  
t h e r e  e x i s t s  a number  o f  a u t o m a t i c  l a n d i n g  
on a i r c r a f t  c a r r i e r s .  

I n  [ 6 9 ]  a s u r v e y  o f  t h e  p r e s e n t  s t a t e  o f  a u t o m a t i c  l a n d i n g  i s  
p r e s e n t e d .  

The m e n t i o n e d  a u t o m a t i c  l a n d i n g  s y s t e m s  a n d  f u r t h e r  p r o p o s a l s  
a r e  p r e s e n t e d  i n  T a b l e  5 .  However ,  o n l y  N o s .  1 - 4  a r e  o f  s i g n i f i c 
a n c e  for c i v i l  a e r o n a u t i c s .  

A u t o m a t i c  l a n d i n g  i s  t o  b e  i n t r o d u c e d  i n t o  c o m m e r c i a l  a v i a t i o n / 2 4
i n  t h r e e  o p e r a t i o n a l  c a t e g o r i e s  i n  a c c o r d a n c e  w i t h  r e c o m m e n d a t i o n s  
o f  t h e  I C A O  [ 7 0 ] :  t h e  c a t e g o r i e s  a r e  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  
F i g u r e  8 .  

D e c i s i o n  
a l t i t u d e  [tt] 

I 

3m 

C a t e g o r y  I 

200 

oc I

T T 
lllb C a t e g o r y  I11 

F i g .  8 .  C a t e g o r i e s  i n  L a n d i n g  
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1 . 2 . 5 .  A U T O M A T I C  TAKE-OFF 

D u r i n g  t h e  t a k e - o f f  p h a s e ,  o r i e n t a t i o n  by  t h e  p i l o t  g e n e r a l l y  
t a k e s  p l a c e  v i s u a l l y ,  i . e .  t h r o u g h  o p t i c a l  o r i e n t a t i o n  o f  t h e  r u n 
way a n d  i t s  l i g h t i n g .  An a u t o m a t i o n  o f  t h i s  p r o c e s s  i s  b e i n g  con
s i d e r e d  a t  t h i s  t i m e .  I t  wou ld  t h e r e f o r e  be  c o n c e i v a b l e ,  as i n  t h e / 2 5
case  o f  a u t o m a t i c  l a n d i n g ,  e . g . ,  w i t h  t h e  h e l p  o f  i m p r o v e d  l a n d i n g  
c o u r s e  t r a n s m i t t e r s  o f  t h e  ILS s y s t e m ,  t o  r e a l i z e  a n  a u t o m a t i c  
a z i m u t h a l  p i l o t i n g  on t h e  runway  as w e l l .  A l a t e r  p r o b l e m  i s  p r e 
s e n t e d  b y  t h e  m o n i t o r i n g  of t h e  v e l o c i t y  c o n d u c t  o f  t h e  a i r c r a f t .  

I n  o r d e r  t o  r e l e a s e  t h e  p i l o t s  f r o m  a f ew o f  t h e  t a s k s  accumu
l a t i n g  d u r i n g  t a k e - o f f ,  p r o p o s a l s  h a v e  b e e n  made known r e c e n t l y  f o r  
a d a p t i n g  as  a n  i n i t i a l  s t a g e  o f  an  a u t o m a t i o n  o f  t h e  t a k e - o f f  p r o 
c e s s  s o  c a l l e d  " t a k e - o f f  m o n i t o r i n g "  w h i c h  a r e  d e v e l o p e d  as  f l i g h t  
d i r e c t o r s .  Such  p r o p o s a l s  h a v e  b e e n  made by  t h e  f i r m s  S m i t h s ,  S p e r r y ,  
H o n e y w e l l ,  E l l i o t ,  e t c . ,  as w e l l  as by  F r i c k e  [71]. However ,  as i n  
t h e  c a s e  o f  " a u t o - f l a r e " ,  i n  a l l  o f  t h e s e  s y s t e m s  o n l y  t h e  m o n i t o r 
i n g  o f  p a t h  v e l o c i t y  a n d  o f  t h e  movements  a r o u n d  t h e  p i t c h  a x i s  t a k e s  
p l a c e .  The a z i m u t h a l  p i l o t i n g  a r o u n d  t h e  v e r t i c a l  a x i s  m u s t  b e  c a r 
r i e d  o u t  by  t h e  p i l o t  h i m s e l f .  

The c o m p l e t e  a u t o m a t i o n  o f  t h e  t a k e - o f �  p r o c e d u r e  w o u l d  r e q u i r e  
i n  a d d i t i o n :  

1. The s o l u t i o n  o f  a z i m u t h a l  p i l o t i n g  on t h e  r u n w a y ,  as  i n  
t h e  c a s e  o f  f u l l y  a u t o m a t i c  l a n d i n g .  

2 .  The c a r r y i n g  o u t  o f  t h e  command s i g n a l s  o f  t h e  t a k e - o f f  
m o n i t o r i n g  s y s t e m  by  means  of a c t u a t o r s ,  w h i c h  r ~ e p r e s e n t s ,  i n  p r i n 
c i p l e ,  n o  d i f f i c u l t i e s .  
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2 .  M A L F U N C T I O N  R A T E S  

2 . l .  G e n e r a l  I n f o r m a t i o n  

2 . 1 . 1 .  MALFUNCTION CAUSES - PHYSICS OF DEFECTS 

2.1.1.1. C o n n e c t i o n  Be tween  S t r e s s  a n d  M a l f u n c t i o n  

A l t h o u g h  c o n s i d e r a t i o n  o f  r e l i a b i l i t y  i s  b a s e d  on  t h e  s t a t i s 
t i c a l - p r o b a b i l i t y - t h e o r e t i c a l  o b s e r v a t i o n  o f  m a l f u n c t i o n s  a n d  d e 
f e c t s ,  a more  c o m p r e h e n s i v e  c o n s i d e r a t i o n  m u s t  n e v e r t h e l e s s  a l s o  
c o n c e r n  i t s e l f  w i t h  t h e  c a u s e s  o f  a m a l f u n c t i o n  a n d  t h e  m a l f u n c t i o n  
mechan i sm i t s e l f .  T h i s  i s  e s p e c i a l l y  n e c e s s a r y  i f  an  i m p r o v e m e n t  
of r e l i a b i l i t y  i s  t o  b e  b r o u g h t  a b o u t  by  a n  i m p r o v e m e n t  o f  t h e  c o n 
s t r u c t i o n a l  u n i t s .  The m a l f u n c t i o n  mechan i sm d i f f e r s  f o r  e a c h  t y p e / 2 6
o f  a c t i o n  a n d  c o n s t r u c t i o n a l  u n i t .  However ,  c e r t a i n  d i v i s i o n s  c a n  
b e  made a c c o r d i n g  t o  t h e  t y p e  o f  a c t i n g  s t r e s s  a n d  a c c o r d i n g  t o  t h e  
m a l f u n c t i o n  m e c h a n i s m .  A common m a l f u n c t i o n  w h i c h ,  o f  c o u r s e ,  r e 
p r e s e n t s  an i m p e r m i s s i b l e  d e v i a t i o n  o f  a n  a c t u a l  v a l u e  f r o m  t h e  
t h e o r e t i c a l  v a l u e ,  i s  c a u s e d  by  t h e  a b s o r p t i o n  o f  a n  e n e r g y  f o r m  
d i f f e r i n g  i n  e a c h  c a s e ,  i f  t h i s  f a c t o r ,  g e n e r a l l y  c a l l e d  s t r e s s ,  
e x c e e d s  a t h r e s h o l d  v a l u e .  T h i s  t h r e s h o l d  v a l u e  i s  g i v e n  b y  t h e  
i n h e r e n t  c a p a c i t a n c e  o f  t h e  componen t  i n  q u e s t i o n .  An e x c e p t i o n  i s  
f o r m e d  by  t h e  c o n t a m i n a t i o n  i n  w h i c h  a d h e s i o n s  a n d  a d s o r p t i o n  e � 
f e c t s  p l a y  a r o l e  as e n e r g y  f o r m s .  O n l y  i n  a v e r y  f ew c a s e s  c a n  a 
f o r m a l ,  s t r i c t  c o n t e x t  b e  p r e c i s e l y  i n d i c a t e d  b e t w e e n  s t r e s s  as t h e  
c a u s e  and  i t s  e f f e c t ,  t h e  m a l f u n c t i o n .  

2 . 1 . 1 . 2 .  S t r e s s e s  

A s u b d i v i s i o n  c a n  b e  u n d e r t a k e n :  

1. O p e r a t i o n a l  S t r e s s e s  
2 .  S t r e s s e s  C a u s e d  b y  E n v i r o n m e n t  

By o p e r a t i o n a l  s t r e s s e s  a r e  m e a n t  s t r e s s e s  w h i c h  a f f e c t s  c o n 
s t r u c t i o n a l  u n i t s  or a s s e m b l i e s  t h r o u g h  f u n c t i o n a l  o p e r a t i o n .  
Through  e f f e c t i v e  d e s i g n ,  t h e s e  c a n  a s sume  v a l u e s ,  e s p e c i a l l y  i n  t h e  
e l e c t r i c a l  e q u i p m e n t  , w h i c h  e x c e e d  t h e  c a p a c i t a n c e  o f  t h e  c o m p o n e n t s  
a n d  t h u s  l e a d  t o  m a l f u n c t i o n .  C a p a c i t a n c e  m e a s u r e m e n t s  s e r v e  t h e  
p u r p o s e  of i d e n t i f y i n g  s u c h  l o c a l  s t r e s s e s .  

S t r e s s e s  c a u s e d  by  e n v i r o n m e n t  o r i g i n a t e  t h r o u g h  e x t e r n a l  i n 
f l u e n c e s  a n d  a r e  i m i t a t e d  i n  l o n g e v i t y  t e s t s  t h r o u g h  s i m u l a t i o n  
o f  e n v i r o n m e n t a l  c o n d i t i o n s .  

On t h e  o t h e r  h a n d ,  a d i v i s i o n  a c c o r d i n g  t o  t y p e  o f  t h e  a c t i n g  
e n e r g y  f o r m  i s  p o s s i b l e .  
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I I1Ill Ill1 I I l l  

1. T h e r m a l  A c t i o n  /27 
2 .  	 M e c h a n i c a l  A c t i o n  

2 . 1 .  A c t i o n  o f  F o r c e s ,  T o r s i o n a l  Moments a n d  P r e s s u r e s  
2 . 2 .  A c t i o n  o f  I n e r t i a l  F o r c e s ,  r e s p .  A c c e l e r a t i o n  

3 .  C h e m i c a l  A c t i o n  a n d  C o n t a m i n a t i o n  

4 .  	 A c t i o n  of F i e l d  M a g n i t u d e s  a n d  E l e c t r i c a l  C u r r e n t s  
4 . 1 .  E l e c t r i c a l  F i e l d s  
4 . 2 .  M a g n e t i c  F i e l d s  
4 . 3 .  G r a v i t a t i o n a l  F i e l d s  

5 .  	 I o n i z i n g  R a d i a t i o n  
5 . 1 .  E l e c t r o m a g n e t i c  R a d i a t i o n  
5 . 2 .  C o r p u s c u l a r  R a d i a t i o n  

F u r t h e r m o r e ,  t h e  d u r a t i o n  o f  s t r e s s  i s  i m p o r t a n t .  

H e r e ,  a d i s t i n c t i o n  m u s t  b e  made b e t w e e n  t h e  s t a t i c  case o f  a 
r e g u l a r  l o a d ,  w h e r e  E = c o n s t .  a n d  a n  a l t e r n a t i n g  s t r e s s  E = f ( t )  
a r e  d i s t i n g u i s h e d .  I t  h a s  b e e n  shown t h a t  a l t e r n a t i n g  s t r e s s e s  
h a v e  a much g r e a t e r  i n f l u e n c e  on  f a t i g u e  a n d  a g i n g  t h a n  s t a t i c  
s t r e s s e s .  

S t r e s s e s  h a v e ,  i n  g e n e r a l ,  a s t r e s s  s p e c t r u m ,  whose  c o u r s e  i s  
g i v e n  by  t h e  t a s k - r e l a t e d  e n v i r o n m e n t a l  c o n d i t i o n s .  The o c c u r r i n g  
s t r e s s e s  w i l l  d i f f e r  e x t r a o r d i n a r i l y  as w e l l ,  i n  e a c h  c a s e  a c c o r d 
i n g  t o  i n s t a l l a t i o n ,  l o c a t i o n  a n d  u t i l i z a t i o n  o f  t h e  e q u i p m e n t  i n  
q u e s t i o n .  

1 2 3 4 5 6 7 8 9  1 2 3 4 5  6 7 8 9  

F i g .  9 .  F i g .  1 0 .  

V i b r a t i o n  a n d  Shock D i s t r i b u t i o n s  i n  t h e  Case  o f  
V a r i o u s  I n s t a l l a t i o n s  and  E n v i r o n m e n t s  a f t e r  [89  , 9 0 1 .  

1. S a t e l l i t e  5 .  Ground V e h i c l e  
2 .  L a b o r a t o r y  6 .  R a i l r o a d  
3 .  Ground 7 .  A i r c r a f t  
4 .  S h i p  8 .  E a r l y  R o c k e t  

9 .  P r e s e n t  Day R o c k e t s  

2 0  



F i g u r e s  9 a n d  1 0  show t h e  d i s t r i b u t i o n s  o f  v i b r a t i o n  a n d  
s h o c k ,  as t h e y  w e r e  a s c e r t a i n e d  for v a r i o u s  i n s t a l l a t i o n s ;  F i g u r e s  
11 a n d  1 2  t h e  d i s t r i b u t i o n  o f  t e m p e r a t u r e  a n d  m o i s t u r e  a f t e r  c 8 9 ,  
9 0 1 .  

n 
L , 

a, a, 1 2 3  4 5  6 7 8 9b 1 2 3 4 5 6 7 8 9  p: 

F i g .  11. F i g .  1 2 .  

T e m p e r a t u r e  a n d  M o i s t u r e  D i s t r i b u t i o n  i n  
V a r i o u s  I n s t a l l a t i o n s  a n d  E n v i r o n m e n t s  [ 8 9 ,  9 0 1 .  

1. S a t e l l i t e  5 .  Ground V e h i c l e  
2 .  L a b o r a t o r y  6 .  R a i l r o a d  
3 .  Ground 7 .  A i r c r a f t  
4 .  S h i p  8 .  E a r l y  R o c k e t  

9. P r e s e n t  Day R o c k e t s  

2 . 1 . 1 . 3 .  M a l f u n c t i o n  Mechanisms 

If a m a l f u n c t i o n  o c c u r s  as  a r e s u l t  o f  a s t r e s s  w h i c h  e x c e e d s  
t h e  t h r e s h o l d  v a l u e  o f  t h e  h i g h e s t  p e r m i s s i b e  s t r e s s ,  or o f  a c o n - / 3 0  
t a m i n a t i o n ,  t h i s  m a l f u n c t i o n  w i l l  h a p p e n  i n  a c e r t a i n  way.  A f ew  
m a l f u n c t i o n  mechan i sms  a r e  n o t e d  i n  T a b l e  6 .  

I t  m u s t  b e  c o n s i d e r e d  t h a t  t h e  e n e r g y  f o r m s  c a n  b e  c o n v e r t e d  
i n t o  o n e  a n o t h e r .  T h e r m a l  s t r e s s e s  a l s o  c a u s e  m e c h a n i c a l  s t r e s s e s ,  
a n d  c o n v e r s e l y .  

2 . 1 . 1 . 4 .  M a t e r i a l  E n g i n e e r i n g  

The f i e l d  o f  m a t e r i a l  e n g i n e e r i n g  [ 7 3 1 ,  t h e  m a t e r i a l s  a v a i l a b l e  
f o r  a t e c h n i c a l  r e a l i z a t i o n  m u s t  b e  d e s c r i b e d  i n  t h e i r  c h a r a c t e r i s 
t i c  m a g n i t u d e s  i n  s u c h  a way t h a t  a r a t i o n a l  d i m e n s i o n i n g  c a n  t a k e  
p l a c e  u n d e r  c o n s i d e r a t i o n  o f  t h e  a p p e a r i n g  s t r e s s e s ;  on t h e  o t h e r  /31 
h a n d ,  i m p r o v e m e n t s  of c e r t a i n  p r o p e r t i e s  o f  t h e  m a t e r i a l  ( e . g . ,  by  
means  o f  h e a t  t r e a t m e n t )  s h o u l d  b e  a b l e  t o  b e  u n d e r t a k e n  t h r o u g h  
more  p r e c i s e  k n o w l e d g e  o f  t h e  p r o p e r t i e s  o f  s o l i d s .  To t h a t  b e l o n g  
p r o p e r t i e s  s u c h  as h a r d n e s s ,  d u c t i l i t y ,  c r e e p  s t r e n g t h  d e p e n d i n g  o n  
t i m e ,  r e s i s t a n c e  t o  c o r r o s i o n  , a n d  i n  p l a s t i c s  e s p e c i a l l y  h e a t  r e 
s i s t a n c e  a n d  r e s i s t a n c e  t o  r a d i a t i o n .  A l s o ,  t h e  p r o b l e m s  o f  a n  
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TABLE 6 .  

Type o f  

A c t i o n  T h e r m a l  


Type o f  A l t e r a t i o n s  
M a l f u n c t i o n  o f  L e n g t h  

A l t e r a t i o n  
o f  Conduc
t i v i t y  

B o i l i n g  
0 v,er 

E t r a p o r a t  i o n  

F r e e z i n g  

F a t i g u e  

R e  c r y s  t a1
l i z a t i o n  

M A L F U N C T I O N  

C h e m i c a l  E 
Con t a m i  -
n a t i o n  

C o r r o s i o n  

Ag ing  

D i f f u s i o n  

C h a r g e  

D i s c h a r g e  

E v a p  ora 
t i o n  

S u b l i m a 
t i o n  

D e s t r u c 
t i o n  o f  
C o a t i n g s  
a n d  S u r 
f a c e s  

A d h e s i o n  

MECHANISMS 

M e c h a n i c ~~ a 1  

D e f o r m a t i o n  

B r e a k  

Damage o f  
S u r f  a c e s  

Flow ng 

T o l e r a n c e  

A g i n g  

Des t r u c 
t i o n  

E r o s i o n  

F a t i g u e  

L e a k a g e  

U n b a l a n c e  

Wear 

F r i c t i o n  

F i e l d  
M a g n i t u d e s  

C u r r e n t s  
a n  d 

R a d i a t i o n. - . . 

S p a r k s  

E l e c t r i c  A r c s  

I n d u c t i v e  
D i s t u r b a n c e s  

S c a t t e r  E f 
f e c t s  

C o u p l i n g  E f 
f e c t s  

O v e r l o a d i n g  

D i s  t r u c t i o n  
o f  I n s u l a t i o n  

I n s t a b i l i t y  

S t a t i c  

S h o r t  C i r c u i t  

Rad ia t.io n 
Damage 

I n t e r r u p t i o n  
D r i f t s  

C h a r g e  
D i s c h a r g e  

o p t i m a l  d e s i g n i n g  w i t h  r e s p e c t  t o  s t r e s s  c a p a c i t y  a r e  i n c l u d e d  i n  
t h e  p r o b l e m  o f  a r e l i a b l e  c o n s t r u c t i o n .  The d e s c r i p t i o n  o f  i n v e s t i 
g a t i o n s  on  d e t e r m i n i n g  m a t e r i a l  p r o p e r t i e s  i s  c a r r i e d  o u t  w i t h  t h e  
h e l p  o f  s t a t i s t i c a l  m e t h o d s .  

2 2  



2 . 1 . 2 .  STATISTICS OF MALFUNCTIONS 

2 . 1 . 2 . 1 .  P r e s e n t a t i o n  i n  t h e  Form o f  M a l f u n c t i o n  R a t e s '  

S i n c e  t h e  r e l i a b i l i t y  t h e o r y  i s  b a s e d  on  t h e  s t a t i s t i c a l  e v a l u a 
t i o n  o f  d e f e c t  f r e q u e n c i e s  a n d  t h e i r  t e m p o r a l  d e p e n d e n c e ,  i t  i s  p u r 
p o s e f u l  t o  d e f i n e  a m a g n i t u d e  s u i t e d  f o r  t h e  d e s c r i p t i o n  of t h e  
e v e n t s ,  t h i s  i s ,  e . g .  , t h e  m a l f u n c t i o n  r a t e  h ( t ) .  

dN-
dt 

I n  t h e  e v a l u a t i o n  o f  s t a t i s t i c s  as w e l l  as i n  t h e  e x p e r i m e n t a l  
d e t e r m i n a t i o n  o f  m a l f u n c t i o n  r a t e s ,  t h e  d i f f e r e n t i a l  m a g n i t u d e s  dN 
a n d  d t  m u s t  b e  r e p l a c e d  by  t h e  m e a s u r a b l e  m a g n i t u d e s  A N  a n d  t .  
Then , /32 

1 * - A N  
A t  ( 2 )m

w h e r e  

A N  = number  o f  m a l f u n c t i o n s  i n  t h e  c o n s i d e r e d  
t e m p o r a l  i n t e r v a l  A t  

N = number  o f  c o m p o n e n t s  a v a i l a b l e  a t  t i m e  t .  

F r e q u e n t l y ,  v a r i a b l e s  d e f i n e d  i n  a n o t h e r  way ,  as  f o r  e x a m p l e  
t h e  m a l f u n c t i o n  d e n s i t y  f ( t ) ,  a r e  more  s u i t a b l e  f o r  t h e  d e s c r i p t i o n  
o f  t h e  m z l f u n c t i o n  b e h a v i o r .  However ,  t h e  m a l f u n c t i o n  r a t e  w i l l  b e  
e m p l o y e d  s u b s e q u e n t l y .  

If  d e f e c t i v e  s y s t e m s  a r e  r e p l a c e d  i n  t h e  i n t e r v a l  A t  by  new 
o n e s ,  t h e  f o l l o w i n g  r e l a t i o n  is e q u i v a l e n t :  

4 N  
h(t) = q- (3) 

w h e r e x t i  i s  t h e  sum o f  t h e  o p e r a t i o n a l  t i m e s  o f  a l l  c o m p o n e n t s  
s i n c e  

The c a l c u l a t i o n  o f  t h e  r e l i a b i l i t i e s  , r e s p .  t h e  m a l f u n c t i o n  p r o b a b i l i 
t i e s  o f  f l i g h t  c o n t r o l  s y s t e m s  i s  t h e n  e s p e c i a l l y  s i m p l e  i f  t h e  
m a l f u n c t i o n  r a t e  a s s u m e s  a t e m p o r a l l y  c o n s t a n t  v a l u e  , t h u s  

h(t) = * = c d .  ( 4 )  
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T o  w h a t  e x t e n t  t h e  a s s u m p t i o n  o f  a c o n s t a n t  m a l f u n c t i o n  r a t e  i s  
j u s t i f l e d  w i l l  h a v e  t o  b e  t e s t e d  s u b s e q u e n t l y .  

I t  c a n n o t  b e  s e e n  f r o m  t h e  s t a t i s t i c s  o f  t h e  c o m m e r c i a l  a i r 
l i n e s  w h e t h e r  t h e  m a l f u n c t i o n s  h a v e  a p p e a r e d  as  i n t e r r u p t i o n s  or as 
s h o r t  c i r c u i t s .  I t  i s  n e c e s s a r y  i n  p r i n c i p l e  f o r  c o n s i d e r a t i o n  o f  
r e d u n d e n c y  ( c o m p a r e  5 . 2  f f )  t o  i n d i c a t e  t h e  m a l f u n c t i o n  r a t e  o f  a / 3 3  
s y s t e m  or a n  a s s e m b l y  i n  d i f f e r e n t  t e r m s  a s  m a l f u n c t i o n  r a t e  A ,  
( i n t e r r u p t i o n  compound,  z e r o  s i g n a l )  a n d  a s  m a l f u n c t i o n  r a t e  A ,  
( s h o r t  c i r c u i t ,  f a l s e  s i g n a l ,  “ H a r d o v e r ” ) .  

However ,  i t  c a n  b e  e s t a b l i s h e d  as a p r e c o n d i t i o n  i n  t h e  c o n 
s i d e r e d  a u t o p i l o t s  a n d  a s s e m b l i e s  o f  a u t o p i l o t s  t h a t  t h e  number o f  
m a l f u n c t i o n s  as  i n t e r r u p t i o n  r e s p .  z e r o  s i g n a l  i s  v e r y  l a r g e  w i t h  
r e s p e c t  t o  t h e  number  o f  m a l f u n c t i o n s  as  s h o r t  c i r c u i t s ,  t h u s  

A = A ,  ( 5 )  

2 . 1 . 2 . 2 .  Remarks on t h e  S t a t i s t i c s  
o f  Commerc ia l  A i r l i n e s  

The s t a t i s t i c s  o f  c o m m e r c i a l  a i r l i n e s  d i s t i n g u i s h  b e t w e e n  a 
p r e m a t u r e  r e m o v a l  a n d  d e f e c t s  i n  d e v i c e s  o f  t h e  a i r c r a f t  e q u i p m e n t  
a c t u a l l y  v e r i f i e d ,  s i n c e  it i s  shown t h a t  t h e  s t a t i s t i c s  f o r  t h e s e  
e v e n t s  shows v e r y  d i f f e r e n t  f i g u r e s .  

The p r e m a t u r e  r e m o v a l  o f  e q u i p m e n t  t a k e s  p l a c e  f o r  t h e  m o s t  
p a r t  a s  a r e s u l t  o f  a c o m p l a i n t  o f  t h e  p i l o t  a n d  c o n f i r m a t i o n  by  a 
c o m p e t e n t  g r o u n d  m e c h a n i c .  

T h e n ,  n o  d e f e c t  r e s p .  m a l f u n c t i o n  c a n  b e  f o u n d  i n  t h e  w o r k s h o p  
i n  p a r t  o f  t h e  p r e m a t u r e l y  r emoved  e q u i p m e n t .  T a b l e  7 r e c o n s t r u c t s :  
as a n  e x a m p l e ,  t h e  r a t i o  o f  p r e m a t u r e  r e m o v a l s  t o  a c t u a l l y  v e r i f i e d  
d e f e c t s  f o r  2 0  a s s e m b l - i e s  o f  t h e  a i r c r a f t  B o e i n g  720 o f  U n i t e d  A i r  
l i n e s .  

The mean v a l u e  r e s u l t s  h e r e  i n  a r e l a t i o n  o f  d = 2 . 1 6 ,  ? . e .  on  
t h e  a v e r a g e  2 . 1 6  t i m e s  as many r e m o v a l s  a r e  u n d e r t a k e n  t h a n  wou ld  
h a v e  b e e n  n e c e s s a r y  a c c o r d i n g  t o  t h e  number  o f  a c t u a l  m a l f u n c t i o n s  
w h i c h  h a v e  a p p e a r e d .  

A c c o r d i n g l y ,  i t  i s  m e a n i n g f u l  t o  d i f f e r e n t i a t e ,  i n  t h e  c o n s i d 
e r a t i o n  o f  s u c h  s t a t i s t i c s ,  b e t w e e n  t h e  r e m o v a l  r a t e  a n d  t h e  a c t u a l  
m a l f u n c t i o n  r a t e .  

The r e m o v a l  r a t e  E i s  t h e  number  o f  p r e m a t u r e l y  removed u n i t s ,  
r e f e r r e d  t o  t h e  t o t a l  number  o f  f l i g h t  h o u r s  o f  a l l  e q u i p m e n t  
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TABLE 7 .  
TO ACTUAL 

E q u i p  me n t  
D e s i g n a t i o n  

Amp Iifier-Conputar 


Accessory Unit-WX Rocbr 


Headset-Minitel 


Control-Auto Cabin P r e s .  


Indicator-WX Rodar 


C omputadopi Id 


Chossis-KifisConGol 


Interrogator-DME 

Recorder-FlightDab 


CWnpVterPi Id 


Tronsmitter/Rcn-WX Rodar 


Coupler-Mach Trim 


Receiver-VHF Comn-/Nav 


Broke-MLG 


D ispenxr-Coffee Moksr 


Receiver-ADF 


AMP-Public Adress 


Gyro-Vertical 


Transmitter-VHk 


Indicator-Horizon Flight Dir. 

RATIO O F  REMOVALS ( A P P A R E N T  MALFUNCTIONS)  
O FM A L F U N C T I O N S ) ~  VARIOUS FLIGHT E Q U I P M E N T  

~ 

Number o f  Number o f  
Remova l s  A c t u a l  d 
( A p p a r e n t  M a l f u n c t i o n s  
M a l f u n c t i o n s  N 2  

N 1  
- - . .  

113 41 

68 15 

118 64 
56 41 

44 23 

43 16 

43 29 

85 53 

A1 17 

41 I5 
41 20 
38 IO 

141 64 
271 261 

63 45 

62 38 

30 12 

60 32 

58 36 
54 29 

/34 


The m a l f u n c t i o n  r a t e  A i s ,  c o r r e s p o n d i n g  t o  t h a t  w h i c h  was s a i d  /35 
a b o v e ,  i f  d and  E a r e  known:  

A = -E 
( 7 )d 

2 . 2 .  M a l f u n c t i o n  Rates  o f  F l - i g h t  C o n t r o l  Systems 

2 . 2 . 1 .  E V A L U A T I O N  O F  STATISTICS 

The s t a t i s t i c s  o b t a i n e d  b y  t h e  c o m m e r c i a l  a i r l i n e s .  on p r e m a t u r e  
r p l a c e m  n t s ,  as  w e l l  as on m a i n t e n a n , c e  a n d  r 0 p a i r  c o r v i c e s  on a i r -

UAL ( U n i t e d  A i r  L i n e s )  R e f e r e n c e  t i m e :  March - May, 1 9 6 5 ,  B o e i n g  
7 2 0 ,  25495 F l i g h t  h o u r s .  
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c r a f t  a n d  e q u i p m e n t ,  make p o s s i b l e  an  e v a l u a t i o n  w i t h  r e s p e c t  t o  
r e m o v a l  a n d  m a l f u n c t i o n  r a t e s  o f  i n s t a l l e d  f l i g h t  c o n t r o l  systems 
a n d  t h e i r  c o m p o n e n t s .  The r e s u l t s  o f  s u c h  e v a l u a t i o n s  a r e  r e c o n 
s t r u c t e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

F i r s t  G e n e r a t i o n  

No d a t a  a r e  a v a i l a b l e  t o  us on t h e  m a l f u n c t i o n  r a t e s  r e s u l t i n g  
i n  f l i g h t  o p e r a t i o n  o f  a u t o p i l o t s  o f  t h e  f i r s t  g e n e r a t i o n .  However ,  
an  a t t e m p t  w i l l  b e  made u n d e r  4 . 2  t o  make a s t a t e m e n t  on t h e  m a l 
f u n c t i o n  p r o b a b i l i t i e s  o f  t h e s e  s y s t e m s  w i t h  t y p i c a l  v a l u e s  o f  t h e  
m a l f u n c t i o n  r a t e s  o f  a u t o p i l o t  a s s e m b l i e s  w h i c h  w e r e  o b t a i n e d  i n  
2 . 3 .  

S e c o n d  G e n e r a t i o n  

P B - 1 0  ( B e n d i x )  a n d  A - 1 2  ( S p e r r y )  

The a u t o p i l o t  P B - 1 0  o f  t h e  E c l i p s e - P i o n e e r  D i v .  o f  t h e  B e n d i x  
C o r p .  w a s  u s e d ,  f o r  e x a m p l e ,  i n  t h e  a i r c r a f t  o f  t h e  t y p e  D o u g l a s s  
DC-6. The S p e r r y  A - 1 2  was employed  i n  t h e  C o n v a i r  C V  340 ( M e t r o - /36 

p o l i t a n ) .  The U n i t e d  A i r  L i n e s  f l e e t  c o n s i s t e d  e s s e n t i a l l y  o f  
t h e s e  two  a i r c r a f t  t y p e s  i n  t h e  t i m e  s p a n  b e g i n n i n g  i n  1 9 4 8 .  The 
r e m o v a l  r a t e  ( F i g .  1 3 )  shows a n  e s s e n t i a l l y  s m a l l e r  v a l u e  a f t e r  t h e  
i n t r o d u c t i o n  o f  t h e  a u t o p i l o t s  as w e l l  as a f a l l i n g  t e n d e n c y .  T h i s  
w a s  a b l e  t o  b e  a t t a i n e d  by an i m p r o v e m e n t  o f  m a i n t e n a n c e  a n d  v a r i o u s  
i m p r o v e m e n t s  on t h e  f l i g h t  c o n t r o l  s y s t e m s  t h e m s e l v e s .  

F i g .  1 3 .  R e v o v a l  R a t e s  o f  t h e  A u t o p i l o t s  o f  U n i t e d  
A i r  L i n e s  F l e e t  [ 8 3 ]  i n  t h e  Y e a r s  1 9 4 7 - 1 9 5 2 .  

The a u t o p i l o t  s y s t e m  P B - 1 O A  ( B e n d i x  C o r p )  i s  l i k e w i s e  i n s t a l l 
e d  i n  t h e  a i r c r a f t  o f  t h e  German L u f t h a n s a  o f  t h e  t y p e  L0ckhee.d 
L - 1 0 4 9  G ( S u p e r  C o n s t e l l a t i o n  a n d  V i c k e r s  V-814 ( V i s c o u n t ) .  The 
P B - 1 O A  i s  a f u r t h e r  d e v e l o p m e n t  o f  t h e  t y p e  P B - 1 0 .  

S i n c e  a g r e a t e r  number  o f  c o m p l a i n t s  a b o u t  t h e s e  a u t o p i l o t s  
r e s u l t e d  f r o m  t h e  p a r t  o f  t h e  f l i g h t  p e r s o n n e l ,  t h e  L H  p e r f o r m e d  a 
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-- 

s p e c i a l  i n v e s t i g a t i o n  on 
m e n t s .  I n  t h e  t i m e  s p a n  
m o v a l s  r e s u l t e d  i n  t h e s e  
f l i g h t  h o u r s  [ 8 5 ]  ( b l o c k  
n o  d e f e c t  w a s  a b l e  t o  be  
c o m p l a i n t s  t o  t h e  number  
t o  

T A B L E  8 .  REMOVALS 

t h e  m a i n  s o u r c e s  of  error o n  t h e s e  i n s t r u 
f r o m  7 / 1 / 6 2  - 6 / 3 0 / 6 1 ,  294  p r e m a t u r e  r e - /37 
f l i g h t  c o n t r o l s  a f t e r  a t o t a l  o f  '43 ,469  
t o  b l o c k  t i m e ) ;  i n  1 9 4  r e m o v a l s  ( c a .  56%) '  
v e r i f i e d .  The r e s u l t s  o f  t h e  s t a t i s t i c s  
o f  a c t u a l l y  v e r i f i e d  d e f e c t s  a m o u n t e d  h e r e  

d = 2 . 2 6  

A N D  MALFUNCTION RATES OF THE'  PB-1OA 
I N  THE T I M E  SPAN 7 / 1 / 6 0  - 6 / 3 0 / 6 1  [ 8 4 1  (GLH) 

P r e m a t u r e  Remova l s  294  

A c t u a l  Defec t s  1 3 0  

Number o f  F l i g h t  H o u r s  4 3 , 4 6 9  

Removal  R a t e  6 , 7 6 3 ' 1 0 - 6  

M a l f u n c t i o n  R a t e  2 , 9 9 0 - 1 0 - 6  

T a b l e  9 r e c o n s t r u c t s  t h e  d i s t r i b u t i o n  o f  a p p e a i n g  errors o v e r  
t h e  i n d i v i d u a l  

TABLE 

Assembly  

Rate Gyro 


Flux Gate Amp1 . 

Altitude Control 


Vertical Gyro 


Integrator 

servos 

Master Direction Ind. 

Magnetic Amp1 . 
Trim Sew0 

Sonstiges 
_, ..= -

a s s e m b l i e s  o f  t h e  s y s t e m .  

9 .  D I S T R I B U T I O N  OF MALFUNCTION R A T E S  O V E R  
THE ASSEMBLIES OF T H E  PB-1OA [ 8 4 1  (GLH) 

P o n t i o n  ( % >  Mal f u n c t i o n  
R a t e  

27.97 

20.82 

11.90 

5.95 

8.33 

7.14 


5-36 

2-38 


Lf8 


633 

~ 

1 Oo*m 

T h i r d  G e n e r a t i o n  

SEP-4 ( S m i t h s  A v i a t i o n  D i v . )  /38 
The m a l f u n c t i o n  r a t e s  a f t e r  8 3 , 8 8 0  f l i g h t  h o u r s 3  p r e s e n t e d  i n  

'3 A c c o m o d a t i n g l y  p u t  a t  our d i s p o s a l  b y  Smiths/VDO. 
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T a b l e  1 0  r e s u l t e d  w i t h  t h e  a u t o  p i l o t  SEP-4 o f  t h e  S m i t h s  A v i a t i o n  
D i v . ,  as it i s  i n s t a l l e d  i n  t h e  f l e e t  o f  59 a i r c r a f t  o f  t h e  t y p e  
V i c k e r s  V i s c o u n t  o f  t h e  B E A .  

TABLE 1 0 .  M A L F U N C T I O N  R A T E S  OF TABLE 11. MALFUNCTION RATES I N  
THE SEP-4 I N  THE AIRCRAFT VIS- THE SEP-4 I N  THE AIRCRAFT COMET 

C O U N T  OF THE BEA I N  THE T I M E  OF THE BEA I N  THE T I M E  SPAN 
SPAN 1 9 6 1 / 6 2  1 9 6 1 / 1 9 6 2  

A s s emb l y  Mal f un c t  ion Assembly  Mal f u n c t i o n  
R a t e  R a t e  

.. 

Gym Unit 3.5.10 -4 
Amplifier 

Amplifier 6 5  Locking Unit 
Flight Pami 3 3  Pressure Unit 
Coupling Unit 4.1 Flight Panel 

Elevator Servo 0'5 Gyro Unit 
Torque Limiter 0.3 Elevator-Trim Servo 

hfcty Switch w Elevator Servo 0. 8 
Aileron Servo 0.3 O t h e r  --.~~ 100 

. 

~ 

O t h e r  0.6 .-~ T o t a l  24.2 e 10-4 

To t a1  17,4.10 -4 

The m a l f u n c t i o n  r a t e  o f  t h e  a u t o p i l o t  SEP-4 i n  t h e  a i r c r a f t  
t y p e  Comet o f  t h e  BEA y i e l d e d  t h e  v a l u e s  p r e s e n t e d  i n  T a b l e  11 w i t h ,  
on t h e  w h o l e ,  3 4 , 1 4 1  f l i g h t  h o u r s  i n  t h e  t i m e  s p a n  1 9 6 1 / 1 9 6 2 .  

The ca .  5 0 %  l a r g e r  m a l f u n c t i o n  r a t e  o f  t h e  S E P - 4  i n  t h e  j e t  
a i r c r a f t ,  a s  o p p o s e d  t o  t h e  same a u t o p i l o t  i n  t h e  t u r b o p r o p  a i r c r a f t  
V i s c o u n t ,  m i g h t  r e s u l t  f r o m  t h e  h i g h e r  e n v i r o n m e t a l  s t r e s s  ( t e m p e r 
a t u r e ,  v i b r a t i o n s ,  s h o c k ) .  

S P - 3 0  ( S p e r r y  P h o e n i x  C o r p . )  

The a u t o p i l o t  SP-30 ,  o f  t h e  S p e r r y  f i r m ,  i s  i n s t a l l e d  i n  t h e  
a i r c r a f t  o f  t h e  D o u g l a s  D C - 8  t y p e  o f  U n i t e d  A i r  L i n e s .  The f l e e t  
i n c l u d e d  38 a i r c r a f t  o f  t h i s  t y p e  i n  t h e  t i m e  s p a n  u n d e r  c o n s i d e r a 
t i o n .  

T a b l e  1 2  shows t h e  number  o f  p r e m a t u r e  r e m o v a l s  a n d  t h e  t o t a l  
number  o f  f l i g h t  h o u r s  a f t e r  d a t a  o f  U n i t e d  A i r  L i n e s ' ,  a s  w e l l  as  
t h e  r e m o v a l  a n d  m a l f u n c t i o n  r a t e s  c a l c u l a t e d  f r o m  t h e m .  

A mean v a l u e  o f  t h e  m a l f u n c t i o n  r a t e  r e s u l t s :  

A = 3 5 . 3 - 1 0 - 4  

- - _ _  - -~. . ~
4 

Accommodatingly p u t  a t  o u r  d i s p o s a l  upon  r e q u e s t .  

2 8  

... . 



- -  - -  -- - -  - -  - -  

-I=----

TABLE 1 2 .  REMOVAL A N D  MALFUNCTION RATES O'P THE SP-30 / 4 0
. - - . .. . _____-.____ .. - - . . . ~. - .__ 

T i m e  Span  Mean 
196  5 J a n .  F e b .  M a r .  A p r .  May J u n e  V a l u e  

( J a n - J u n e  
1 9 6 5 )  

Number o f  

P r e m a t u r e  

Removals  88  8 0  9 1  97  9 5  85 


T o t a l  Num

b e r  o f  

F l i g h t  Hours  1 2 , 2 9 3  1 1 , 2 1 0  1 2 , 6 1 4  1 2 , 3 2 4  1 3 , 5 5 5  1 4 , 1 8 2  


Removal  

R a t e  72 7 1  72 79 70  6 0  7 0 . 6 ~ 1 0 - ~  


M a l f u n c t i o n  
R a t e  3 5 . 3  -loe4 

-______ .-

c o r r e s p o n d i n g l y ,  a n  MTBF o f  306 h r s  . 
I t  c a n  b e  l i k e w i s e  b e  s e e n  f r o m  t h e  t a b l e  t h a t  t h e  r e m o v a l  

r a t e  and  t h u s  t h e  m a l f u n c t i o n  r a t e ,  o f  t h e  e n t i r e  f l i g h t  c o n t r o l  
s y s t e m  f l u c t u a t e s  o n l y  s l i g h t l y  f rom month  t o  m o n t h .  A g r a d i e n t  or 
f a l l i n g  t e n d e n c y  i s  n o t  r e c o g n i z a b l e ,  i . e .  t h e  a s s u m p t i o n  o f  a t e m 
p o r a l  c o n s t a n c y  o f  t h e  m a l f u n c t i o n  r a t e  w o u l d  b e  j u s t i f i e d  i n  t h i s  
c a s e .  

F l i g h t  C o n t r o l  P B - 2 0  D ( B e n d i x )  

The number  o f  p r e m a t u r e  r e m o v a l s  a n d  t h e  number  o f  f l i g h t  h o u r s  
a c c o r d i n g  t o  t h e  d a t a  o f  U n i t e d  A i r  L i n e s ,  as w e l l  as t h e  r e m o v a l  
and  m a l f u n c t i o n  r a t e s  c a l c u l a t e d  f rom t h e m ,  a r e  r e c o n s t r u c t e d  i n  
T a b l e  1 3 .  The f l e e t  o f  a i r c r a f t  e q u i p p e d  w i t h  t h i s  a u t o p i l o t  i n 
c l u d e d  2 9  a i r c r a f t  o f  t h e  t y p e  B o e i n g  B 720 i n  t h e  t i m e  s p a n  u n d e r  
c o n s i d e r a t i o n .  

T h e r e  r e s u l t s  f o r  t h e  a u t p i l o t  P B - 2 0  a mean v a l u e  o f  t h e  m a l 
f u n c t i o n  r a t e  o f  

X = 5 0 . 1 ' 1 0 - 4  h - l  

a t  a r e m o v a l  r a t e  o f  E = 1 0 0 . 2 . 1 0 - 4  h - l .  T h a t  c o r r e s p o n d s  t o  a n  
MTBF o f  2 0 0  hrs. 

The f l u c t u a t i o n s  a r o u n d  t h e  mean v a l u e  o f  t h e  r e m o v a l  r a t e  a r e  
l a r g e r  t h a n  i n  t h e  c a s e  o f  SP-30 .  The a s s u m p t i o n  o f  a t e m p o r a l l y  
c o n s t a n t  r a t e  m i g h t ,  h o w e v e r ,  b e  j u s t i f i e d  h e r e .  
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T A B L E  1 3 .  REMOVAL A N D  MALFUNCTION R A T E S  OF THE PB-20 / 4 1-
T i m e  
S p a n  
1 9 6 4 /  

6 5  

P r e m a t u r e  
Remova l s  

T o t a l  Num
b e r  F l i g h t  
H o u r s  

Removal  
Ra te  
~ - 1 0 ~  


-
O c t -

O c t .  Nov. Dee. J a n .  F e b .  Mar. A p r .  !4 a y  J u n  J u n e  
1 9 6 4  (Mean 

V a l u e  )
-

8 1  6 2  1 0 2  1 0 4  80 90  78 6 9  73 

8 ,2 36 7 , 8 8 :  8 , 1 6 8  B,43 7 , 5 9 5  8 , 4 1  8 , 3 4  IJ.2! 

9 8  79 1 2 5  1 2 3  105 1 0 7  9 4  8 5  86 1 2 0 . 2  

M a l f u n c t i o n  

R a t e  - - - - - - - - 50.1 

1 . 1 0 ~  


S t a t i s t i c s  o f  A i r  F r a n c e 5  

A i r  F r a n c e  l i k e w i s e  h a s  t h e  a u t o p i l o t  t y p e  PB-20 i n  o p e r a t i o n  
i n  i t s  f l e e t  of  24  a i r c r a f t  o f  t h e  B o e i n g  7 0 7  t y p e .  I n  T a b l e  1 4 ,  
t h e  number  o f  a c t u a l l y  v e r i f i e d  m a l f u n c t i o n s  a n d  t h e  number  o f  cor
r e s p o n d i n g  f l i g h t  h o u r s  for t h e  m a i n  a s s e m b l i e s  i s  c o m p i l e d  for t h e  
y e a r  1 9 6 4 .  The m a l f u n c t i o n  r a t e s  and  t h e  MTBF were  c a l c u l a t e d  f r o m  
t h e m .  

T A L B E  1 4 .  MALFUNCTION RATE OF P B - 2 0  /42 
Number o f  Number M a l f u n c t i o n  
M a l f u n c - o f  P l i g h t  R a t e  

Assembly  

Amp Iifier 
CMputar 

Air Data 
stnun 

Vertical 
Gyro 

Sbbilizer 
Trim &no 

Surface &NO 
Actuator 

T o t a l  
.____ 

5 


t i o n s  Hours MTBP [h] C h - l l  

64 56 925 680 14.80.1 O4 

43 65250 1510 6.63 

62 103 025 1660 6.03 

n 60225 BK) llw50 

29 152 800 5200 
--. . .____. -289 *%*lo4 

Accomodz t ingLy  p l a c e d  a t  o u r  d i s p o s a l  upon r e q u e s t .  
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T h e r e  r e s u l t s  a m a l f u n c t i o n  r a t e  o f  t h e  a u t o p i l o t  of  

a n d  a n  MTBF o f  223  h r s .  

T a k e - o f f - r e l i a b i l i t y  o f  a i r c r a f t  B-707/720 w i t h  t h e  f l i g h t  c o n 
t r o l  s y s t e m  P B - 2 0 .  

A g a u g e  f o r  t h e  r e l i a b i l i t y  o f  t h e  o p e r a t i o n a l  e q u i p m e n t ,  e s 
p e c i a l l y  t h a t  o f  t h e  f l i g h t  c o n t r o l  s y s t e m ,  i s  t h e  p r o b a b i l i t y  t h a t  
a p l a n n e d  f l i g h t  w i l l  b e  c a r r i e d  o u t  a t  a c e r t a i n  t a k e - o f f  t i m e .  
A f l i g h t  i s  n o t  d e l a y e d ,  w h i c h  b e g i n s  k 1 5  m i n u t e s  w i t h i n  t h e  p l a n 
n e d  t a k e - o f f  t i m e .  The t a k e - o f f - r e l i a b i l i t y  i s  f r e q u e n t l y  d e s i g n a t 
e d  as a v a i l a b i l i t y  i n  t h e  r e l i a b i l i t y  t h e o r y .  

The e v a l u a t i o n  o f  t h e  s t a t i s t i c s  o f  t h r e e  c i v i l  a i r l i n e s  w i t h  / h 3  
a i r c r a f t  t y p e s  B o e i n g  707-720 i n  t h e  p e r i o d  o f  t i m e  f r o m  J a n u a r y  t o  -
November 1 9 6 2  w i t h ,  a l l  t o l d ,  8 2 , 1 8 7  t a k e o f f s ,  i s  shown b y  T a b l e  
1 5  a f t e r  [ 8 6 ] .  

A l l  t o l d ,  t h e r e  r e s u l t s  a r e l a t i v e  t a k e o f f - d e l a y  f r e q u e n c y ,  
r e s p .  d e l a y  p r o b a b i l i t y  o f  4 . 5 7 % .  C o r r e s p o n d i n g l y ,  t h e  p r o b a b i l i t y  
o f  p u n c t u a l l y  c a r r y i n g  o u t  a t a k e o f f  a m o u n t s  t o  9 5 . 4 3 % .  

A s  c a n  b e  s e e n ,  t h e  f l i g h t  c o n t r o l  s y s t e m  i s  t h e  c a u s e  f o r ,  a l l  
t o l d ,  73 o f  e v e r y  3 , 7 5 5  d e l a y s ;  t h e  r e l a t i v e  d e l a y  f r e q u e n c y  as a 
r e s u l t  o f  t h e  f l i g h t  c o n t r o l  s y s t e m  a m o u n t s  t o  8 . 9 ~ 1 0 ’ ~ .  

The m o s t  f r e q u e n t  c a u s e  o f  d e l a y  i s  damage t o  t h e  l a n d i n g  g e a r .  
I t  c a u s e s  1 6 . 3 5 %  o f  a l l  d e l a y e d  t a k e o f f s .  Compared w i t h  t h e  r e 
m a i n i n g  o p e r a t i o n a l  e q u i p m e n t ,  t h e  f l i g h t  c o n t r o l  s y s t e m  o f  t h e  Boe
i n g  7 0 7 / 7 2 0  i s  r e l a t i v e l y  r e l i a b l e .  

L - 1 0 2  B ( S e a r - S i e g l e r  C o r p ) .  

The a u t o p i l o t  L - 1 0 2  B i s  i n s t a l l e d  i n  t h e  a i r c r a f t  o f  t h e  t y p e  /44 
S E  2 1 0  C a r a v e l l e .  The number  o f  p r e m a t u r e  r e p l a c e m e n t s ,  t o t a l  num
b e r  o f  f l i g h t  h o u r s  a s  w e l l  as  r e m o v a l  a n d  m a l f u n c t i o n  r a t e s  ac
c o r d i n g  t o  d a t a  o f  U n i t e d  A i r  Llines a r e  i n d i c a t e d  i n  T a b l e  1 6 .  The 
f l e e t  o f  U n i t e d  A i r  L i n e s  c o m p r e h e n d e d  i n  t h i s  t i m e  s p a n  2 0  a i r c r a f t  
o f  t h e  t y p e  SE  2 1 0  C a r a v e l l e .  

T h e r e  r e s u l t s  a mean v a l u e  o f  t h e  m a l f u n c t i o n  r a t e  of 

A c c o r d i n g l y ,  a n  MTBF o f  227  h r s .  
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T A B L E  15. R E L A T I V E  FREQUENCY OF TAKEOFF DELAYS W I T H  
AIRCRAFT OF THE TYPE B O E I N G  707/720 AS A 

OF A RESULT O F  MALFUNCTIONS AFTER [86]. 
- _  - - .-

Assembly  Number o f  D e l a y s  D e l a y s  p e r  
T a k e o f f  

.~. - ~ - _ _ _ .  _- - _ _ _ _ _ _ _ - .-

A u t o p i l o t  

A i r c o n d i t  i o n i n g  

F l i g h t  Data 
R e c o r d e r  

E l e c t r i c a l  S y s t e m  

F i r e  P r o t e c t i o n  

A i r c r a f t  P i l o t i n g  

F u e l  S y s t e m  

H y d r a u l i c s  

L a n d i n g  G e a r  

E n g i n e  

F u e l  R e g u l a t o r  

I g n i t i o n  

A i r  

E n g i n e  S u p e r v i s i o n  

T h r u s t  R e v e r s a l  

E n g i n e  O i l  

S t a r t e r  

O t h e r  
- ______ 

T o t a l  

Number o f  t a k e o f f s  

Wagner [87] r e p o r t s  

73 0.89 


172 2.09 


383 4.66 


184 2.24 


98 1.19 

186 2.26 

108 1.32 

297 3.61 
611 7.43 
138 1.68 

1 3 9  1.69 
36 0.44 


142 1.73 


49 0.60 

259 3.15 

197 2.40 

286 3.48 

397 3.83 
- -___ ____ _____ 

3755 45.69.10-3 = 4.57% 

82,187 

SP-50 ( S p e r r y )  /45 

on t h e  f i n d i n g s  i n  t h e  f i r s t  y e a r  a f t e r  
i n t r o d u c t i o n  o f  t h e  a u t o p i l o t  S P - 5 0  o f  t h e  f i r m  S p e r r y  i n  l i n e  s e r 
v i c e  i n  1961/62. F i g u r e  14 shows t h e  r e m o v a l  r a t e  ( u p p e r  c u r v e  
l i n e )  a n d  t h e  m a l f u n c t i o n  ( l o w e r  c u r v e  l i n e )  a s  a f u n c t i o n  o f  t i m e .  
I t  c a n  b e  s e e n  t h a t  a f t e r  a t i m e  o f  c a .  9 m o n t h s ,  t h e  r e m o v a l  a n d  
m a l f u n c t i o n  r a t e s  a s s u m e  a c o n s t a n t  v a l u e .  T h e s e  amount  t o :  

r e m o v a l  r a t e  E = 6 0 ~ 1 O - ~  
m a l f u n c t i o n  r a t e  X = 40*10-4 
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TABLE 1 6 .  REMOVAL A N D  M A L F U N C T I O N  R A T E S  OF THE L-102 
. ____ 

Me a n  
Time Span  J a n .  F e b .  Mar. A p r .  May J u n e  V a l u e  

1 9 6 5  1 9 6 5  J a n  - J u n e  
1 9 6 5  

-__- - _. -_ _  . . ~- -

Number o f  

P r e m a t u r e  

Rep l a c e  

m e n t s  38 3 3  1 9  32 3 2  3 8  


T o t a l  Num

b e r  o f  

F l i g h t  

Hours  3 , 6 6 5  3 , 2 8 2  3 , 1 0 1  3 , 6 9 9  3 , 8 1 7  3 , 9 1 7  


Removal  

R a t e  1 0 4  1 0 1  6 1  87 8 4  9 7 * 1 0 - 4  8 8 - 1 0 e 4  


M a l f u n c t i o n  
R a t e  

The r a t i o  o f  
r e c e e d s  h e r e ,  as  
2 . 0  t o  a v a l u e  o f  

F i g .  1 4 .  

SP-50  

4 4  
-.__ _. . ________ _. 

p r e m a t u r e  r e m o v a l s  - to a c t u a l l y  v e r i f i e d  d e f e c t s  
c a n  b e  s e e n  from T a b l e  1 4 ,  f r o m  an i n i t i a l  v a l u e  

1 . 5  

Months i n  l i n e  S e r v i c e -

Removal  a n d  M a l f u n c t i o n  R a t e s  o f  SP-50 

i n  A i r c r a f t  B 727  o f  U n i t e d  A i r  L i n e s  

The a u t o p i l o t  S P - 5 0  of t h e  f i r m  S p e r r y  i s  i n s t a l l e d  i n  t h e  a i r 
c r a f t  o f  t h e  B o e i n g  7 2 7  t y p e .  The U n i t e d  A i r  L i n e s  f l e e t  i n c l u d e d  
26 a i r c r a f t  o f  t h i s  t y p e  i n  t h e  t i m e  s p a n  of 1 9 6 4 - 1 9 6 5  u n d e r  c o n 
s i d e r a t i o n  h e r e .  
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T a b l e  1 7  shows  t h e  number  o f  p r e m a t u r e  r e m o v a l s  a n d  t h e  c o r 
r e s p o n d i n g  number  o f  f l i g h t  h o u r s  a s  w e l l  as t h e  r e m o v a l  and m a l 
f u n c t i o n  r a t e s  a s c e r t a i n e d  f r o m  t h e m .  

T A B L E  1 7 .  REMOVAL RATES OF THE SP-50  
.~ - - . .  - .  . . 

~~ 

Aug . O c t .  Dec .  F e b .  Apr .  
T i m e  Span J u l y  S e p t .  N o v .  J a n . .  Mar. May J u n e  

1 9 6 4  1 9 6 5  

P r e m a t u r e  

Rep l a  c e m e n t s  41 34 40 38 47 S2 48 33 3 0 5 0  46 35 


T o t a l  N u m 
b e r  o f  
F l i g h t  3,581 4,002 3,958 4,627 5,026 5,377 5,235 5,095 5,660 5,984 6,945 7,518 

Hours  

Removal  114 85 101 82 89 97 92 65 53 83 67 47 

R a t e  

T h e r e  r e s u l t s ,  as a mean v a l u e  f o r  t h e  t i m e  s p a n  o f  1 y e a r ,  a 
r e m o v a l  r a t e  o f  8 1 . 3 ~ 1 0 - ~a n d ,  f r o m  t h a t ,  a r e m o v a l  r a t e  o f  

C o r r e s p o n d i n g l y ,  a n  MTBF o f  2 4 7  h .  

F o u r t h  G e n e r a t i o n  

F l i g h t  C o n t r o l  S y s t e m  o f  t h e  V C - l O ( E l l i o t  B r o s . )  /47 
The e v a l u a t i o n  o f  d a t a  o f  t h e  B r i t i s h  c o m m e r c i a l  a i r l i n e  B O A C '  

wh ich  h a s  i n  s e r y i c e  a f l e e t  o f  2 0  a i r c r a f t  o f  t h e  t y p e  V C - 1 0  i n  
t h i s  t i m e  s p a n  y i e l d e d  t h e  r e s u l t s  r e c o n s t r u c t e d  i n  T a b l e  1 8  f o r  
t h e  e n t i r e  f l i g h t  c o n t r o l  s y s t e m .  A b r e a k d o w n  a c c o r d i n g  t o  a s s e m b l i e s  
i s  g i v e n  i n  T a b l e  1 9 .  

2 . 2 . 2 .  C O M P A R A T I V E  C O N S I D E R A T I O N  OF THE MALFUNCTION 
RATES OF F L I G H T  C O N T R O L  SYSTEMS 

The m a l f u n c t i o n  r a t e s  o f  t h e  c o n s i d e r e d  a u t o p i l o t s  a r e  c o m p i l e d  
i n  T a b l e  2 0 .  

A s  o n e  s e e s ,  t h e  h i g h e s t  m a l f u n c t i o n  r a t e  i s  t h a t  o f  t h e  V C - 1 0  
p i l o t  o f  E l l i o t .  T h i s  i s  u n d e r s t a n d a b l e  s i n c e  t h e  s y s t e m  c o n s i s t s  
o f  two c o m p l e t e  a u t o p i l o t s  w h i c h  m u s t  h a v e  t w i c e  as many a s s e m b l i e s  
r e s p .  c o n s t r u c t i o n a l  u n i t s  as t h e  s i m p l e  s y s t e m s  o f  t h e  t h i r d  g e n 
e r a t i o n .  The s m a l l e s t  v a l u e s  a r e  shown b y  t h e  s y s t e m  SEP-4 ( S m i t h s ) .  

~. . -~ - _ - _ _  

' Accommodatingly p l a c e d  a t  o u r  d i s p o s a l  upon  r e q u e s t .  
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T A B L E  1 8 .  REMOVAL R A T E S  AND MEAN M A L F U N C T I O N  
RATE O F  THE AUTOPILOT OF THE vc- io  ( E L L I O T )  /47 

1 . 4 . - 1 . 5 . - 2 9 . 5 . - 2 6 . 6 - 2 4 . 7 . - 2 1 . 8 . - 1 . 4 . -T i m e  Span 3 0 . 4 .  2 8 . 5 .  2 5 . 6 .  2 3 . 7 .  2 0 . 8 .  1 7 . 9 .  1 7 . 9 . 1 9 6 6  

N u m b e r  o f  
P r e m a t u r e  
R e p l a c e m e n t s  6 3  5 5  6 1  8 0  6 8  6 9  3 9 6  

N u m b e r  o f  

F l i g h t  H o u r s  6 , 5 5 1  6 , 2 7 6  6 , 2 7 6  6 , 1 9 7  6 , 4 2 1  6 , 2 2 6  3 7 , 8 5 7  


R e m o v a l  R a t e  
E * 1 0 6  9 , 6 1 6  8 , 7 3 6  9 , 7 1 9  1 3 , 1 0 0  1 0 , 5 9 0  1 1 , 0 8 0  1 0  , 4 6 0 ' 1 0 - 6  

Mean Mal
f u n  c t  i o n  
R a t e  ( a t  5 4 . 7 %  
a c t u a l  d e f e c t s )  5 , 7 2 1 - 1 0 ' 6-

T A B L E  2 0 .  REMOVAL A N D  M A L F U N C T I O N  R A T E S  OF T H E  
I N V E S T I G A T E D  F L I G H T  CONTROL S Y S T E M S  

A u t o p i l o t s  M a n u f a c t u r - R e m o v a l  Mal f un ct on Year S o u r c e  
e r  R a t e  R a t e  

c 
0 E - IO6 h-' k106 h-'-4 
-I-' 
rd A - 1 2  

P B - 1 0  12,m 1947 UAL 

C A - 1 2  
PB-IO ~,ooo 1951 WL 

W 
PB- la4a 


C 
a SEP-4 1,740 -% 1961 BEA 

SP-30 ,3, x)(r " 1965 W L  
PB-2OD 4,4% 1964 AF 

c!3 L-102 4,400 ;'z 1965 WL 

a SP-50 
f i  SP-50m 

3,.soo
4,QyJ9: 

1962 
- 1965 

*v 
W L  

E: vc-IO 5,721 1966 W A C  
a, AFCS 
c!3 

P B - m  4,630. 1965 UAL 

c 

-P 
3 


~ 

fi M a l f u n c t i o n  r a t e  c a l c u l a t e d  f r o m  r e m o v a l  r a t e .  
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T A B L E  1 9 .  R E M O V A L  AND M A L F U N C T I O N  RATEw 
m ASSEMBLIES OF T H E  VC-10 A U T O P I L O T  

Time Span 	 i . 4 . 6 6  1.5.66 29.5.66 26.6.66 24.7.66 21.8.66 1.4-66 
30 .4 .66  28.5.66 25.6.66 23.7.66 20.8.66 17.9.66 17.9.66 

Number o f  
F l i g h t  Hours  

6 551 6 216 6 276 b 107 6 421 6 226 37857 

D e s i g n a t i o n  No. o f  I n -
o f  Assembly s t a l l e d  

A s s e m b l i e s  
p e r  A i r -
c r a f t  

Comparison Monitor 2 2 0 1 3 2 2 IO 
Yaw Rote Platform 2 2 2 2 3 1 0 IO 
Standby Yaw Damper 1 0 1 3 0 0 0 4 
Tronrmitter 3 Axis Rata 2 4 3 9 7 IO 5 3 8 
Owl Controller 1 9 4 2 9 5 9 38 
Accessory Unit 2 2 1 2 0 0 1 6 
Vertical Gyro Com-

2 4 10 5 9 5 4 37parism 
Power Junction Box 2 4 3 6 2 4 0 19 
Comparison Air D o h  

2 1 0 0 0 1 1 3Sensor 
Triple Indicator 1 0 0 0 1 0 0 2 

6Computer 2 8 3 IO 13 5 13 52 
Lateml AmpliFier 6 

Computer 2 9 17 13 14 20 13 86 
Air  Data Sensa 
Owl Actuator Throttle 

2 
1 

14 
3 

9 
1 

6 
1 

15 
1 

I5 
0 

I5 
4 

74 
IO 

Auto Throttle Controller 1 1 0 0 1 0 2 4 
Posltion Transmitter 
Dynamic Vertical Sensor 

8 
2 

0 
0 

0 
0 

0 
I 

0 
2 

0 
0 

0 
0 

0 
3 

Longitude Amplifier 

T o t a l  No.  o f  P r e m a t u r e  
Rep1acemen t s 

63 55 61 80 68 69 396 

Removal R a t e  - lo6 9616 8763 9716 13 100 10590 11 080 10460 

OF T H E  

R e m o v a l  Quat- ~~lf~~~t-~~ 
R a t e  i e n t  Rate  P e r  
P e r  o f  t h e  Assembly 
Assembly A c t u a l 

l y  Ver
i f i e d  
Defec ts  

( % I  

132 IO 13,2 
132 100 132 
106 60 64 
502 551 276 

1004 85 851 
79 80 63 

488 82 402 

251 61 153 

39 0 

53 100 53 
687 66 453 

1136 39 443 
977 72 704 
264 70 185 
106 50 

0 
39 0 

54.7 % 

0 



2 . 3 .  M a l f u n c t i o n  R a t e s  o f  t h e  Components
o f  F1 i g h t  C o n t r o l  S y s t e m s  

2 . 3 . 1 .  ASSEMBLIES 

2 . 3 . 1 . 1 .  S e n s o r s  

2 . 3 . 1 . 1 . 1 .  	 S e n s d r s  o f  t h e  S t a b i l i z i n g  a n d  
Damping Gyro S y s t e m  

2 . 3 . 1 . 1 . 1 . 1 .  P o s i t i , o n  G y r o s  

The s i m p l e s t  f o r m  o f  f l i g h t  c o n t r o l  t a k e s  p l a c e  by  means  of /50 
m e a s u r e m e n t s  o f  t h e  c o u r s e  a n g l e  o f  t h e  a i r c r a f t  w i t h  t h e  h e l p  o f  
f r e e  g y r o s ,  w h i c h  g i v e  o f f  a s i g n a l  p r o p o r t i o n a l  t o  t h e  a n g l e  o f  
c o u r s e  d e v i a t i o n  f r o m  t h e  p r e s c r i b e d  f l i g h t  p o s i t i o n  a r o u n d  t h e  a x i s  
i n  q u e s t i o n .  I f  t h e  a n g l e  m e a s u r e m e n t  i s  c a r r i e d  o u t  a r o u n d  t h e  
v e r t i c a l - ( c o u r s e - yaw- )  a x i s ,  t h e n  o n e  s p e a k s  o f  d i r e c t i o n a l  g y r o 
s c o p e s .  The a n g l e  o f  c o u r s e  d e v i a t i o n  w i t h  r e s p e c t  t o  t h e  l o n g i t u d i 
n a l - ( r o l l - )  a x i s  a n d  t r a n s v e r s e - ( p i t c h - )  a x i s  a r e  m e a s u r e d  b y  means  
o f  v e r t i c a l ,  ( h o r i z o n ,  a t t i t u d e )  g y r o s .  

E l e c t r i c a l l y  d r i v e n  f r e e  g y r o s  a r e  e l e c t r o - m e c h a n i c a l  a s s e m b l i e s  
w h i c h  a r e  s u b j e c t  t o  s t a t i s t i c a l l y  d i s t r i b u t e d  a c c i d e n t a l  m a l f u n c 
t i o n s ,  as w e l l  a s  t o  w e a r .  

P n e u m a t i c a l l y  d r i v e n  f r e e  g y r o s  a r e  n o  l o n g e r  u s e d  t o d a y  i n  
f l i g h t  c o n t r o l  s y s t e m s .  

T h e o r e t i c a l  c o n s i d e r a t i o n  o f  t h e  r e l i a b i l i t y  o f  p o s i t i o n  g y r o s .  

A c c o r d i n g  t o  r e f e r e n c e  [ S S ] ,  two  d i f f e r e n t  d e f e c t  t y p e s  c a n  b e  
d i s t i n g u i s h e d  i n  t h e  c a s e  o f  f r e e  g y r o s  a s  a r e s u l t  o f  t h e i r  c o n 
s t r u c t i o n :  e l e c t r i c a l  a n d  m e c h a n i c a l  d e f e c t s .  

E l e c t r i c a l  D e f e c t s :  

S i n c e  t h e  w r a p p i n g s  of  t h e  g y r o  m o t o r  a n d  t h e  S y n d r o s  c o n s i s t  o f  i n 
s u l a t e d  w i r e  on  a n  i r o n  or f e r r i t e  c o r e ,  t h e  same c o n s i d e r a t i o n s  as  
f o r  t r a n s f o p m e r s  c a n  b e  made f o r  t h e  e l e c t r i c a l  m a l f u n c t i o n s .  E s 
p e c i a l l y ,  t h e  m a l f u n c t i o n  r a t e  f o r  t r a n s m i t t e r s  a n d  f o r  t r a n s f o r m e r s  
h o l d  t r u e  for t h e  e l e c t r i c a l  d e f e c t s  L 8 8 1 .  

M e c h a n i c a l  d e f e c t s  a r e ,  i n  g e n e r a l ,  c o n n e c t e d  w i t h  t h e  b a l l -
b e a r i n g s  a n d  b r u s h e s  a n d  c a n  b e  r e g a r d e d  as t h e  e f f e c t s  o f  f r i c t i o n ,  
w h i c h  a r e  d e p e n d e n t  on  number  o f  r e v o l u t i o n s .  The t o t a l  m a l f u n c t i o n  
r a t e  o f  a r o t a t i n g  e l e c t r o m e c h a n i c a l  p a r t  i s  t h u s  c o m p r i s e d  o f  a n  /51 

e l e c t r i c a l  p o r t i o n ,  w h i c h  can  b e  r e g a r d e d  as  an a c c i d e n t a l  m a l f u n c 
t i o n  r a t e ,  a n d  a m e c h a n i c a l  p o r t i o n .  

F i g u r e  1 5  shows. t h e  m e c h a n i c a l  m a l f u n c t i o n  r a t e  f o r  t h e  e l e c 
t r i c a l  m o t o r s  as a f u n c t i o n  o f  number  o f  r e v o l u t i o n s .  The number  O f  
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- 

-R o t  a t  i o n  
r a t e  

F i g .  15. M e c h a n i c a l  M a l f u n c t i o n  
R a t e  o f  M o t o r s  a s  a F u n c t i o n  o f  
T h e i r  O p e r a t i o n a l  R a t e  o f  R e v o l u 
t i o n  A f t e r  [88], p .  145. 

r e v o l u t i o n s  o f  t h e  b r u s h l e s s  
3 - p h a s e  4 0 0  H z  ( A s y n c h r o n o u s )  
s h o r t  c i r c u i t e d  r o t o r  m o t o r s  
e m p l o y e d  i n  g y r o s  a m o u n t s  t o  
2 2 0 0 0  rpm (400 H z ) ,  s o  t h a t  a 
m a l f u n c t i o n  r a t e  o f  

A = 150*10-6 h - '  

wou ld  h a v e  t o  b e  a s sumed  f o r  
g y r o  m o t o r s .  

/52
-
E s t i m a t i o n  o f  t h e  m a l f u n c 

t i o n  r a t e  o f  t h e i r  c o n s t r u c t i o n 
a l  u n i t s :  a f r e e  g y r o  c o n s i s t s  
o f  a number  o f  i n d i v i d u a l  p a r t s  
[ T r a n s l a t o r ' s  n o t e  - Error i n  
s e n t e n c e ,  n o t  t r a n s l a t a b l e ] .  
I t  i s  t h e r e f o r e  p e r m i s s i b l e  t o  
n e g l e c t  t h e  m a l f u n c t i o n  r a t e s  
o f  t h e s e  p a r t s  i n  a n  e s t i m a 
t i o n .  

The m o v a b l e  p a r t s  p r e s e n t  a r e  6 b a l l - b e a r i n g s ,  2 e l e c t r i c a l  
m o t o r s  a n d  1 s y n c h r o .  

The m a l f u n c t i o n  r a t e s  o f  t h e s e  p a r t s  amount  t o ,  a c c o r d i n g  t o  
E a r l e s  a n d  E d d i n s  [89, 9 0 1 ,  as mean v a l u e s  o f  t h e  v a r i o u s  m e a s u r e 
m e n t s :  

B a l l - b e a r i n g s  - 0.8.10-6 h - l  '6 = 4.8 
-E l e c t r o m o t o r  - 5.2 2 = 10.4 
-S y n c h r o  - 1.1 1 = 1.1 

A = 1 6 . 3  

If m a l f u n c t i o n s  o f  t h e s e  p a r t s  c a n  b e  r e g a r d e d  a s  i n d e p e n d e n t  
o f  o n e  a n o t h e r ,  t h e r e  r e s u l t s  t h r o u g h  a d d i t i o n  o f  t h e  i n d i v i d u a l  
r a t e s  a t o t a l  m a l f u n c t i o n  r a t e  o f  

A = 1 6 . 3 . 1 0 - 6  h - '  

T h i s  e s t i m a t e d  v a l u e  a g r e e s  w e l l  w i t h  t h e  v a l u e s  f o r  t h e  g y r o s  
of  E a r l e s  a n d  E d d i n s  [ 8 9 ,  901. T h e r e ,  t h e  f o l l o w i n g  m a l f u n c t i o n  
r a t e s  A a n d  mean l i f e  s p a n  m a r e  i n d i c a t e d  f o r  f r e e  g y r o s .  
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TABLE 2 1 .  MALFUNCTION R A T E  OF FREE G Y R O S  A F T E R  [ 8 9 , 9 0 ]  

Lower l i m i t  Mean V a l u e s  Upper  L i m i t  
. 

A Ch '1 2 . 5  1 0 . 1 0 - 6  2 5 ' 1 0 - 6  

m Chl  2 0 0  1 0 0 0  2 0 0 0  

M a l f u n c t i o n  R a t e s  a n d  R e l i a b i l i t y  o f  G y r o s  
a n d  Gyro M o t o r s  o f  H o n e y w e l l  / 5 3  

C o m p r e h e n s i v e  i n v e s t i g a t i o n s  on  t h e  l i f e  s p a n  o f  g y r o s  a n d  g y r o  
m o t o r s  h a v e  b e e n  u n d e r t a k e n  by t h e  f i r m  H o n e y w e l l ,  on w h i c h  a r e 
p o r t  i s  made by L . A .  Weaver a n d  M.P.  S m i t h  i n  [ S l ] .  I t  w a s  d e t e r 
mined  t h e r e  t h a t  a mixed  W e i b u l l - d i s t r i b u t i o n  i s  a p p l i c a b l e  f o r  t h e  
d i s c r i p t i o n  o f  t h e  m a l f u n c t i o n  b e h a v i o r .  

A r e p o r t  i s  made i n  o n e  e x a m p l e  on a l i f e  s p a n  t e s t  o f  4 6  g y r o  
m o t o r s .  The r o t o r s  a n d  f r a m e s  w e r e  h e r m e t i c a l l y  e n c l o s e d  a n d  w e r e  
o p e r a t e d  i n  a n  o i l  b a t h  a t  t e m p e r a t u r e s  w h i c h  s i m u l a t e d  n o r m a l  o p e r 
a t i o n a l  a n d  e n v i r o n m e n t a l  c o n d i t i o n s .  

Fi E l e c t r i c a l  
t m a l f u n c t i o n st 

o 	 M e c h a n i c a l  
m a l f u n c t i o n s  

0 @ I O  20 
-t 

F i g .  1 6 .  S u r v i v a l  P r o b a b i l i t y  ( R e ' l i a b i l i t y )  o f  Gyro 
M o t o r s  a s  a F u n c t i o n  o f  Time From [Sl]. 

F i g u r e  1 6  shows t h e  s u r v i v a l  p r o b a b i l i t y  ( r e l i a b i l i t y )  a s  a 
f u n c t i o n  o f  t i m e .  The l i f e  s p a n  ( t e s t  t i m e )  i s  p l o t t e d  a s  t h e  a b 
s c i s s a  i n  a r b i t r a r y  u n i t s ,  s i n c e  t h e  e x a c t  d a t a  a r e  s u b j e c t  t o  c l a s 
s i f i c a t i o n .  R e l i a b i l i t y  i s  p l o t t e d  a s  t h e  o r d i n a t e .  N o t e w o r t h y  
i n  t h i s  c u r v e  i s  t h a t  o n l y  two m a l f u n c t i o n  o c c u r e d  a s  a c o n s e q u e n c e  
o f  e l e c t r i c a l  d e f e c t s ,  a l l  o t h e r  d e f e c t s  a r e  m e c h a n i c a l .  

On ly  t h e  t o t a l  m a l f u n c t i o n s  were c o n s i d e r e d  i n  t h i s  t e s t ,  d e - / 5 4  
t e r i o r a t i o n  o f  o p e r a b i l i t y  a n d  o t h e r  p r o p e r t i e s ,  s u c h  a s  moments 
w h i c h  c a n  c a u s e  a n  i n c r e a s e d  d r i f t ,  w e r e  n o t  e v a l u a t e d  a s  d e f e c t s .  
The m a l f u n c t i o n  o f  t i m e  c a n  b e  s e e n  f r o m  t h e  d a t a  o f  F i g u r e  1 7 .  
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Ill I I 


The c o u r s e  o f  t h i s  c u r v e  h a s  

r& a n  a p p r o x i m a t e l y  " b a t h t u b "  s h a p e ;  
h o w e v e r ,  n o  l a r g e r  r a n g e  r e s u l t s  

.n-	 i n  t h a t  t h e  m a l f u n c t i o n  r a t e  m a i n -
t a i n s  a c o n s t a n t  v a l u e .  A mixed  
W e i b u l l - d i s t r i b u t i o n  i s  s u i t a b l e  
f o r  t h e  d e s c r i p t i o n  o f  t h e  m a l 

5 - f u n c t i o n  b e h a v i o r .  

. l  - .~~~~ r M a l f u n c t i o n  R a t e s  o f  G y r o s  
0 5 I O  a t i n  C o m m e r c i a l  U s e  

V e r t i c a l  Gyro o f  t h eF i g .  1 7 .  M a l f u n c t i o n  R a t e  o f  A u t o p i l o t  P B - 1 O A  ( B e n d i x )Gyro M o t o r s  as  a F u n c t i o n  o f  
Time ( A r b i t r a r y  U n i t s )  f r o m  An e v a l u a t i o n  o f  t h e  s t a t i s -
C 9 l l .  t i c s  E841 (German L u f t h a n s a )  

y i e l d e d  t h a t  t h e  v e r t i c a l  g y r o  i s  
p a r t i c i p a n t  w i t h  5 . 9 5 %  o f  a l l  r c a l f u n c t i o n s  i n  t h e  f l i g h t  c o n t r o l  
s y s t e m  P B - 1 O A .  The m a l f u n c t i o n  r a t e  a m o u n t e d  t o  w i t h i n  i n  o n e  y e a r  
w i t h ,  a l l  t o l d ,  4 3 , 4 6 9  b l o c k  t o  b l o c k  h o u r s .  

X = 2 3 O . 1 O e 6  

The h e r e  o b s e r v e d  d e f e c t s  c a n  b e  b r o k e n  down i n  t h e  f o l l o w i n g  / 5 5-
way : 

1. Damage t o  b e a r i n g s  2 0 %  

2 .  Damage t o  s u p p o r t s  2 0 %  

3 .  	 Not s p e c i f i e d  i n  
more  d e t a i l  6 0 %  

V e r t i c a l  Gyros  o f  t h e  A u t o p i l o t  P B - 2 0  ( B e n d i x )  

A i r  F r a n c e  d e t e r m i n e d  t h e  a c t u a l  e r r o r s ,  r e c o n s t r u c t e d  i n  T a b l e  
2 2 ,  o f  t h e  v e r t i c a l  g y r o s  o f  t h e  P B - 2 0  D f l i g h t  c o n t r o l  s y s t e m  
( B e n d i x ) ,  w h i c h  i s  i n s t a l l e d  i n  t h e  B o e i n g  7 0 7  f l e e t  ( 2 4  a i r c r a f t )  
o f  A i r  F r a n c e .  The d a t a  c o n c e r n e d  v e r t i c a l  gyros B e n d i x  t y p e  1 5  
852 .  

The MTBF w a s  c a l c u l a t e d  h e r e  as  t h e  q u o t i e n t  o f  t h e  h o u r s  i n  
o p e r a t i o n  a n d  number  o f  o c c u r r i n g  e r r o r s .  

The c o n s i d e r a b l e  l o w e r i n g  of t h e  m a l f u n c t i o n  r a t e  i n  t h e  y e a r  
1 9 6 4  a s  o p p o s e d  t o  1 9 6 1  i s  n o t e  w o r t h y .  T h a t  m i g h t  b e  t h e  r e s u l t  
of i m p r o v e d  m a n u f a c t u r i n g  t e c h n i q u e s  o f  t h e  n e w e r  g y r o s  on t h e  s i d e  
of  t h e  p r o d u c e r  a n d  o f  a n  i m p r o v e d  m a i n t e n a n c e  on t h e  s i d e  o f  t h e  
company.  The d e p e n d e n c e  o f  t h e  m a l f u n c t i o n  r a t e  on o p e r a t i o n a l  t i m e  
i s  shown by F i g u r e  1 8 .  

4 0  
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TABLE 2 2 .  M A L F U N C T I O N  RATE OF THE V E R T I C A L  G Y R O  
B E N D I X  TYPE 1 5  8 2 5  (PB 20D) 

.-

Year  N o .  o f  No. o f  Hours  MTBF M a l f u n c t i o n  
Defects  i n  Chl R a t e  -lo6 

O p e r a t i o n  
-. .  

1 9 6 1 /  
6 2  1 2 4  6 5  1 0 0  5 2 5  1 9 0 5  

1 9 6 4  6 2  1 0 3  0 2 5  1 6 6 2  6 0 2  

0 4 :  . . , . . . . . , , . . . - . . .  - . . . . . . . . .  I . . . . . . . .  
0 8  m S &  a n m n 40 t *-lo2[h] 

F i g .  1 8 .  M a l f u n c t i o n  R a t e s  o f  t h e  
V e r t i c a l  G y r o s  ( 1 9 6 1 )  a n d  ( 1 9 6 4 / 6 5 )  

The r e l i a b i l i t y  o f  t h e  v e r k i c a l  g y r o s  w a s  c a l c u l a t e d  a s  t h e  r e 
l a t i v e  f r e q u e n c y  o f  t h e  g y r o s  s t i l l  o p e r a b l e  a t  t h e  p o i n t  o f  t i m e  
i n  q u e s t i o n  t o  t h e  t o t a l  number  o f  t h o s e  i n  o p e r a t i o n  

N .. 
R =A 

N o  
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a n d  i s  r e p r e s e n t e d  i n  F i g u r e  1 9  as  a f u n c t i o n  o f  o p e r a t i o n a l  t i m e .  1 5 7-
D i s t i n g u i s h e d  h e r e  w e r e  a l s o :  

1. 	 O p e r a t i o n a l  r e l i a b i l i t y  R o p :  d e f i n e d  as  m a l f u n c t i o n ,  a n y  
n o t  p l a n n e d  p r e m a t u r e  r e m o v a l  o f  t h e  g y r o s .  

2 .  	 T e c h n i c a l  R e l i a b i l i t y  R T :  m a l f u n c t i o n  d e f i n e d  a s  t h e  
a c t u a l  o c c u r e n c e  o f  t h e  d e f e c t  w h i c h  makes  t h e  g y r o  i n o p e r 
a b l e .  

S i n c e  t h e  c u r v e  o f  t h e  o p e r a t i o n a l  r e l i a b i l i t y  r u n s  l o w e r  t h a n  
t h a t  o f  t h e  " t e c h n i c a l  r e l i a b i l i t y " ,  t h i s  means  t h a t  g y r o s  a r e  a l s o  
more  f r e q u e n t l y  e x c h a n g e d  when n o t  p l a n n e d  a l t h o u g h  t h e y  a r e  s t i l l ,  
t e c h n i c a l l y ,  i n  good  c o n d i t i o n .  The r a t i o  d a l s o  a m o u n t s  h e r e  t o  
d 2 .  If a c o n s t a n t  m a l f u n c t i o n  r a t e  A w e r e  t h e  c a s e  f o r  t h e  g y r o s ,  
a s t r a i g h t  l i n e  wou ld  h a v e  t o  r e s u l t  i n  t h e  l o g a r i t h m i c  p r e s e n t a t i o n ,  
s i n c e  ( a f t e r  4.1) 

I n  R = - A t  

However ,  t h i s  i s  a p p a r e n t l y  n o t  t h e  c a s e ,  a s  c a n  b e  s e e n  f r o m  F i g u r e  
1 8 .  F i g u r e  1 8  shows  a g r a d i e n t  t e n d e n c y  o f  t h e  m a l f u n c t i o n  r a t e  
w i t h  t i m e ,  t h e  s p e c i a l  c h a r a c t e r i s t i c  o f  p a r t s  w h i c h  a r e  s u b j e c t  t o  
wear .  

* \  

4 2  



V e r t i c a l  Gyr.os i n  B o e i n g  B 720 a n d  B 727 

For t h e  v e r t i c a l  g y r o  o f  B e n d i x  o f  t h e  a u t o p i l o t  P B - 2 0  ( R e p o r t  /59
t i m e  s p a n  March ,  A p r i l ,  May 1 9 6 5 )  t h e r e  r e s u l t s  w i t h  25 ,495  f l i g h t  
h o u r s  a m a l f u n c t i o n  r a t e  o f  

X = 630 

w i t h  a number o f  32 a c t u a l  d e f e c t s  o u t  o f  60 p r e m a t u r e  r e p l a c e m e n t s .  

The v e r t i c a l  g y r o  o f  t h e  a i r c r a f t  B 727 showed d u r i n g  t h e  same 
t i m e  a m a l f u n c t i o n  r a t e  o f  

X = 620 

Combined a s s e m b l y  v e r t i c a l  a n d  d i r e c t i o n a l  g y r o  o f  t h e  a i r c r a f t  S E  
2 1 0  ( C a r a v e l l e ) .  

T h e r e  r e s u l t s  f r o m  t h e  d a t a  o f  t h e  U A L  f o r  t h i s  a s s e m b l y  i n  t h e  
t i m e  s p a n  March-May 1 9 6 5  w i t h  1 1 , 1 1 7  f l i g h t  h o u r s  a m a l f u n c t i o n  r a t e  
o f  

X = 1 , 6 5 0  lod6 

V e r t i c a l  Gyro o f  t h e  A u t o p i l o t  MH 1 2 3  B 

Honeywel l  [ 9 2 1  u s e d  i n  t h e  h o v e r  a u t o p i l o t  MH 1 2 3  B f o r  t h e  
v e r t i c a l  t a k e - o f f  a i r c r a f t  V J  1 0 1  C o f  t h e  d e v e l o p m e n t a l  g r o u p  S o u t h  
(EWR) a c o m b i n a t i o n  o f  v e r t i c a i  g y r o s  o f  t h e  t y p e  G G  53 A 4 ,  f o r  
w h i c h ,  i n  e a c h  c a s e ,  a m a l f u n c t i o n  r a t e  i s  a s sumed  o f  

X = 2 , 4 6 0  

T h i s  a s s u m p t i o n  i s  b a s e d  on  f i n d i n g s  w h i c h  w e r e  o b t a i n e d  i n  
o p e r a t i o n  w i t h ,  a l l  t o l d ,  2 , 2 0 0 , 0 0 0  o p e r a t i o n a l  h o u r s  on  t h e  v e r t i c 
a l  g y r o  o f  t h e  t y p e  G G  53E i n  t h e  Mercury  p r o g r a m .  T h e r e ,  a m a l 
f u n c t i o n  r a t e  w a s  o b s e r v e d  o f  

X = 3 , 6 3 0  * 

I n  t h e  c a s e  o f  t h i s  c o m p a r a t i v e l y  h i g h  m a l f u n c t i o n  r a t e ,  t h e  
h i g h  e n v i r o n m e n t a l  l o a d  ( s h o c k  a n d  v i b r a t i o n )  m u s t  b e  c o n s i d e r e d  i n  
i n s t a l l a t i o n  on  b o a r d  a n  a i r c r a f t .  A c c o r d i n g  t o  E a r l e s  E E d d i n s  
1 8 9 ,  9 0 1 ,  t h i s  m a l f u n c t i o n  r a t e  i s  h i g h e r  by t h e  f a c t o r  1 4  t h a n  i n  / 6 0-
t h e  c a s e  o f  a c o m p a r a b l e  i n s t a l l a t i o n  on  b o a r d  a n  a i r c r a f t ,  s o  t h a t  
t h e  f o l l o w i n g  m a l f u n c t i o n  r a t e s  wou ld  r e s u l t  u n d e r  c o n s i d e r a t i o n  o f  
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t h i s  f a c t o r  

2460 -A 1 4  1 7 5  10-6 

a n d  

A = 3630 = 260 10-61 4  

Gyros  o f  t h e  I n e r t i a l  N a v i g a t i o n a l  S y s t e m  LN-3 ( L i t t o n ) .  

The f r e e  g y r o s  o f  t h e  s t a b i l i z e d  p l a t f o r m  o f  t h e  LN-3 i n e r t i a l  
n a v i g a t i o n a l  s y s t e m  ( L i t t o n )  h a v e  a n  MTBF o f  lo3 h o u r s 7 .  T h a t  would  
c o r r e s p o n d  t o  a m a l f u n c t i o n  r a t e  o f  

x = 1 0 0 0  * 10-6 

A s u m m a r i z i n g  s u r v e y  o f  t h e  m a l f u n c t i o n  r a t e  o f  v e r t i c a l  g y r o s  
a n d  p o s i t i o n  g y r o s  i s  g i v e n  i n  T a b l e  2 3 .  

If o n e  d i s r e g a r d s  t h e  e x t r e m e l y  h i g h  v a l u e s  o f  t h e  H o n e y w e l l  
g y r o s  u s e d  i n  r o c k e t s  a s  w e l l  as  t h e  o l d e r  v a l u e s  o f  t h e  B e n d i x  
v e r t i c a l  g y r o ,  t h e  v a l u e s  o f  t h e  S P - 5 0  a n d  P B - 2 0  c a n  b e  u s e d  a s  a 
b a s i s  a s  t y p i c a l  v a l u e s  f o r  t h e  m a l f u n c t i o n  r a t e  o f  v e r t i c a l  g y r o s  
o f  f l i g h t  c o n t r o l  s y s t e m s  a c c o r d i n g  t o  t h e  p r e s e n t  s t a t e .  A t y p i c a l  
m a l f u n c t i o n  r a t e  s eems  t o  be  a v a l u e  o f  

2 . 3 . 1 . 1 . 1 . 2 .  S t a b i l i z e d  P l a t f o r m s  

S t a b i l i z e d  P l a t f o r m s  of t h e  I n e r t i a l  N a v i g a t i o n a l  
S y s t e m  S G N - 1 0  ( S p e r r y )  

S p e r r y  [ 9 3 ]  g i v e s  t h e  f o l l o w i n g  v a l u e s  f o r  t h e  s t a b i l i z e d  
p l a t f o r m  a n d  t h e  a m p l i f i e r  u n i t  b e l o n g i n g  t o  it a s  w e l l  a s  t h e  f u r 
t h e r  a s s e m b l i e s  o f  t h e  s y s t e m  b a s e d  on  f i n d i n g s  w i t h  a s i m i l a r  
s y s t e m  (B-58 N a v i g a t i o n  s y s t e m )  a n d  7 5 0 , 0 0 0  o p e r a t i o n a l  h o u r s  o f  
t h e  g y r o s o f  i t s  compass  g y r o  s y s t e m s .  

F l i g h t  P o s i t i o n  a n d  C o u r s e  R e f e r e n c e  Sys t em 
ASN-50, To S t a b i l i z e d  P l a t f o r m  2 1 7 1  ( L e a r - S i e g l e r )  

L e a r - S i e g l e r  i n d i c a t e s ,  b a s e d  on  t h e  f i n d i n g s  i n  a m i l i t a r y  
a i r c r a f t  F - 1 0 5  ( T h u n d e r c h i e f ) ,  McDonel l  Phantom F-4C o f  t h e  USAF,  
t h e  v a l u e s  r e c o n s t r u c t e d  i n  T a b l e  2 5 ,  f o r  m a l f u n c t i o n  r a t e s  a n d  MTBF 
o f  t h e  s y s t e m  A N / A S N - 5 0  u n d e r  o p e r a t i v e  c o n d i t i o n s  [ 9 4 ] .  

S t a b i l i z e d  P l a t f o r m  o f  t h e  F i r m  N o r t r o n i c s  

N o r t r o n i c s  [ 9 4 ]  i n d i c a t e s  f o r  t h e  i n e r t i a l  n a v i g a t i o n a l  s y s t e m  
- .  . ~-NIS-105 t h e  e s t i m a t e d  v a l u e s  r e c o n s t r u c t e d  i n  T a b l e  2 6 .  D i f f e r i n g

. . . . . .  

7 
A c c o r d i n g  t o  d a t a  o f  t h e  m a n u f a c t u r e r .  
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TABLE 2 3 .  MALFUNCTION RATES OF POSITION GYROS 

Designation Type Manufacturer Autopilot Aircraft Source Year Malfunction 

Rate 


Vertical 
Gyros 1 5 8 2 5  Bendix PB-20 D B 7 0 7  AF 1 9 6 1  1 9 0 5  

1 1  11 1 1  1 1  1 1  I t  1 9 6 4  6 0 2  

I f  I I  P B - 1 O A  Viscount, D L H  1 9 6 1  2 3 0  
Constellation 

I f  GG53A4 Honeywell Mercury Honey- 2460") 
well 

11 G G 5  3E I 1  Mercury I t  3630") 

Position 
Gyros Litton LN-3t )  F 1 0 4  G Litton 1 9 6 4  1 0 0 0  

Vertical 
Gyros Bendi'x PB-20 D B 7 2 0  U A L  1 9 6 5  6 3 0  

1 1  Sperry SP-50 B 7 2 7  U A L  1 9 6 5  6 2 0  

11 Elliot vc-IO VC-10 BOAC 1 9 6 6  4 0 2  

t 1 Inertial Systems 
t t  

) Used in rockets/satellites 



I I l l  

TABLE 24. MALFUNCTION RATES AND MTBF OF THE INERTIAL 
NAVIGATIONAL SYSTEM SPERRY SGN-10 AFTER E931 / 6 2--- .  -~ I_ ~~ . -

Assembly 


Stabilized Platform 


Amplifier Unit 


Store 


Data Processing 


Indication 


Control Unit 


Total 


Stabilized Platform 

Amplifier Unit 


Malfunction MTBF 
rate [hl
A * 106 

654 1530 


407 2460 


80 12500 


193 5170 


89 11200 


2 447000 


1425 702 

.I 

1061 942 


TABLE 25. MALFUNCTION RATES MTBF OF THE FLIGHT POSITION-
AND COURSE REFERENCE SYSTEM ASN-50 (LEAR SIEGLER) 1941 '/6-3 

Assembly 


Stabilized Platform 


Amplifier and Power 

Supply Unit 


Compass-Adapter 


Compass-Control 

Unit 


Switch Rate Gyros 


Total 


Malfunction MTBF 

rate Chl 

A . 1 0 6  

1,000 - 1,430 700 - 1,000 

310 - 450 2,200 - 3,200 

410 - 1,130 880 - 2,400 

40 - 80 12,000 - 24,000 

50 20,000 

1,850 - 3,150 317 - 540 

values hold true in the use of gas mounted gyros of tye type GI-M 1 

or in the use of bearing mounted gyros of tye type GI-K 7 in the 

stabilized platform. 


If one neglects the values obtained as a result of theoretical
ly analyses of the Nortronics platform, which, as a frameless plat-/64 
f o r m ,  represents a advanced technology, there appears as typical a 
value, appropriate to the present state of technology of the mal
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T A B L E  26. M A L F U N C T I O N  RATE A N D  MTBF OF THE I N E R T I A L  
N A V I G A T I O N A L  SYSTEM NIS-105 (NORTRONICS) [ 9 5 1  

Assembly  

. 

P l a t f o r m  
( g a s  moun ted  

P l a t f o r m  

. . _ _  --- .-

M a l f u n c t i o n  MTBF 
r a t e  Chl 
x.106 

g y r o )  417 2,400 

( b e a r i n g  moun ted  g y r o )  726 1,300 

D i g i t a l  Computer  210 4,700 

C o n t r o l  u n i t  and  
I n d i c a t i o n  158 6,250 

A s u m m a r i z i n g  s u r v e y  i s  g i v e n  i n  T a b l e  27. 

T A B L E  27. M A L F U N C T I O N  R A T E S  OF S T A B I L I Z E D  PLATFORMS 

D e s i g n a t i o n  Type M a n u f a c t u r e r  S o u r c e  Yea r  

P o s i t i o n  
R e f e r e n c e s  L e a r  U A L  1965 

S t a b i l i z e d  
P l a t f o r m  S p e r r y  S p e r r y  1965 

S t a b i l i z e d  L e a r - Lear-
P l a t f o r m  2171 S i e g l e r  S i e g l e r  1963 

S t a b i l i z e d  Nor- Nor-
P l a t f o r m  t r o n i c s  t r o n i c s  1965 

Sta b  iliz e d  Nor- Nor-
P l a t f o r m  t r o n i c s  t r o n i c s  1965 
- - __ - -
f u n c t i o n  r a t e  o f  s t a b i l i z e d  p l a t f o r m s  o f  

M a l f u n c t i o n  Comments 
r a t e  

X-106Ch-1] 


1,061 	 I n e r t i a l  
n a v i g a 
t i o n a l  
s y s t e m  
SGN-10 


A N /  
1 , 8 8 0  ASN-50  

Gas 
417 mount  e d 

g y r o s  
B e a r i n g  

762 mounted  
g y r o s  _ _  
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2 . 3 . 1 . 1 . 1 . 3 .  R a t e  G y r o s  

R a t e  g y r o s  b e l o n g  t o  t h e  e s s e n t i a l  s e n s o r s  i n  f l i g h t  c o n t r o l  / 6 5-
s y s t e m s .  T h e r e  a r e  v a r i o u s  m a n i f e s t a t i o n s  w h i c h  g i v e  o f f ,  i n  e a c h  
case  a c c o r d i n g  t o  c o n s t r u c t i o n  t y p e ,  a n  i n t e g r a t e d  or d i f f e r e n t i a l  
s i g n a l  p r o p o r t i o n a l  t o  t h e  a n g u l a r  v e l o c i t y  a r o u n d  i t s  i n p u t  a x i s  
( P ,  I ,  D-rate  g y r o s ) .  R e a l i z a t i o n s  a n d  f u n c t i o n  w i l l  now b e  c o n s i d 
e r e d  h e r e  i n  more  d e t a i l ,  r e f e r e n c e  w i l l  b e  made t o  t h e  s p e c i a l i z e d  
l i t e r a t u r e  a n d  [ 9 6 1 .  

Gyro  U n i t  o f  t h e  SEP-4 

The f o l l o w i n g  m a l f u n c t i o n  r a t e  r e s u l t e d  f o r  g y r o  u n i t s  i n  t h e  
s p a n  f r o m  A p r i l  1 9 6 1  t o  March 1 9 6 2  i n  t h e  f l i g h t  o p e r a t i o n s  o f  t h e  
B E A  

A = 3 5 0 * 1 0 - 6  

The g y r o  u n i t  i s  a s e n s o r  f o r  t h e  f l i g h t  c o n t r o l  s y s t e m  SEP-4 
( S m i t h  A v i a t i o n  D i v i s i o n )  a n d  i s  i n s t a l l e d  i n  t h e  f l e e t  o f ,  a l l  
t o l d ,  59 a i r c r a f t  o f  t h e  t y p e  V0814 ( V i s c o u n t )  o f  t h e  B r i t i s h  E u r o 
p e a n  A i r w a y s .  The m a l f u n c t i o n  r a t e  w a s  c a l c u l a t e d  i n  t h e  t i m e  s p a n  
o f  t h e  r e p o r t  w i t h ,  a l l  t o l d ,  8 3 , 8 8 0  f l i g h t  h o u r s  f r o m  t h e  a c t u a l l y  
a s c e r t a i n e d  d e f e c t s .  

The g y r o  u n i t  c o n t a i n s  t h r e e  r a t e  g y r o s .  T h e r e  r e s u l t s  f o r  a 
r a t e  g y r o ,  p r o p o r t i o n a l l y ,  a m a l f u n c t i o n  r a t e  o f  

A = 1 1 6 . 1 0 - 6  

T h e r e  r e s u l t e d  f o r  t h e  t i m e  s p a n  J u l y  1 9 6 1  t o  J u n e  1 9 6 2  w i t h ,  
a l l  t o l d ,  3 4 , 1 4 1  f l i g h t  h o u r s  i n  1 3  a i r c r a f t  o f  t h e  t y p e  Comet I V  
o f  t h e  same a i r l i n e ,  f o r  t h e  g y r o  u n i t  o f  t h e  f l i g h t  c o n t r o l  s y s t e m  
SEP-4 a m a l f u n c t i o n  r a t e  o f  

A = 2 2 0 . 1 0 - 6  

C o r r e s p o n d i n g l y ,  o n e  o b t a i n s  f o r  a r a t e  g y r o  t h e  v a l u e  

More r e c e n t  s t a t i s t i c s  (Smi ths / -BEA)  y i e l d  a v a l u e  o f  

A = 50*10-6 

R a t e  G y r o s  o f  t h e  PB-1OA S y s t e m  

The r a t e  g y r o  b e l o n g i n g  t o  t h e  f l i g h t  c o n t r o l  s y s t e m  was o n e  / 6 6-
of  t h e  m o s t  f r e q u e n t  c a u s e s  o f  d e f e c t s  ( 2 8 % )  i n  t h e  e n t i r e  s y s t e m .  
The m a l f u n c t i o n  r a t e  o f  t h i s  t y p e  r e s u l t e d  i n ,  a f t e r  [ 8 4 ]  
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X = 1 , 0 8 1 ° 1 0 - 6  

The p r e d o m i n a n t  p a r t  o f  t h e  m a l f u n c t i o n s  ( 8 9 % )  w a s  c a u s e d  by  a c o n 
t a m i n a t i o n  o f  t h e  p n e u m a t i c  d a m p i n g .  

M a l f u n c t i o n  R a t e  o f  R a t e  G y r o s  A c c o r d i n g  t o  A V C O  

A v e r y  c o m p r e h e n s i v e  c o l l e c t i o n  o f  m a l f u n c t i o n  r a t e s  h a s  b e e n  
s e t  up  b y  E a r l e s  a n d  E d d i n s  (AVCO C o r p )  [ 8 9 ,  9 0 1 .  M a l f u n c t i o n  r a t e s  
a n d  MTBF o f  r a t e  g y r o s  a r e  numbered  t h e r e  w i t h  t h e  v a l u e s  r e c o n 
s t r u c t e d  i n  T a b l e  2 8 .  

T A B L E  2 8 .  M A L F U N C T I O N  RATES A N D  MTBF 
OF R A T E  G Y R O S  A F T E R  [ 8 9 ,  9 0 1  

Lower L i m i t  Mean V a l u e  Upper  L i m i t  
. - -._ - - .~ 

X*106 h - l  2 . 8  7 . 5  15.5 

MTBF h 1 0 0  2 , 0 0 0  4 0 , 0 0 0  

The mean v a l u e  o f  t h e  l i f e  s p a n  o f  r a t e  g y r o s  i s  t w i c e  a s  h i g h  
a s  t h a t  o f  f r e e  g y r o s ,  a c c o r d i n g  t o  E a r l e s  a n d  E d d i n s .  

The a b o v e  i n d i c a t e d  m a l f u n c t i o n  r a t e s  a p p e a r  r e l a t i v e l y  l o w .  
E a r l e s  a n d  E d d i n s  i n d i c a t e ,  h o w e v e r ,  r e p r o d u c t i v e  f a c t o r s ,  i n  e a c h  
c a s e  a c c o r d i n g  t o  p o s i t i o n  o f  i n s t a l l a t i o n  ( e . g .  a i r c r a f t  d u r i n g  
f l i g h t ) .  The f a c t o r  2 m u s t  b e  p l a c e d  w i t h  a p p l i c a t i o n  i n  a i r c r a f t  
d u r i n g  f l i g h t ,  s o  t h a t  o n e  m u s t  f i g u r e  o n  a mean v a l u e  o f  

X = 1 5 * 1 0 - 6  

R a t e  G y r o s  o f  H o n e y w e l l  

The f o l l o w i n g  d a t a  a r e  a v a i l a b l e  f o r  r a t e  g y r o s  o f  t h e  t y p e  / 6 7  
" G o l d e n  G n a t "  o f  t h e  f i r m  H o n e y w e l l  [ 9 2 ] .  D u r i n g  a t o t a l  o p e r a t i o n 
a l  t i m e  o f  1 7 5 , 0 0 0  h o u r s ,  8 m a l f u n c t i o n s  w e r e  r e c o r d e d .  T h u s ,  a 
m a l f u n c t i o n  r a t e  i s  y i e l d e d  f o r  t h i s  t y p e  o f  

A = 4 5 . 7 . 1 0 - 6  

T h e s e  d a t a  w e r e  o b t a i n e d  f r o m  o p e r a t i o n s  i n  f l i g h t  c o n t r o l  
s y s t e m s  f o r  t h e  F-104 ( a u t o p i l o t  MH-97) a n d  t h e  a d a p t i v e  f l i g h t  c o n 
t r o l  s y s t e m  o f  t h e  e x p e r i m e n t a l  a i r c r a f t  X - 1 5 .  R e p o r t  w a s  made by  
[ 9 1 ]  o n  a n  i n v e s t i g a t i o n  o f  m i n i a t u r i z e d  i n t e g r a t i n g  r a t e  g y r o s  o f  
H o n e y w e l l  by  Weaver  a n d  S m i t h s  i n  e x a m p l e  11. T h e s e  g y r o s  a r e  c o n 
c e p t u a l i z e d  f o r  a p p l i c a t i o n  i n  a n  i n e r t i a l  p l a t f o r m .  

The r e s u l t s  o f  t h e  l i f e  s p a n  t e s t s  o f  H o n e y w e l l  a r e  p r e s e n t e d  
i n  F i g u r e  2 0 .  
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TABLE 29. PREMATURE REPLACEMENTS OF 
T H E  R A T E  G Y R O  U N I T  OF THE P B - 2 0  

1964-65 O c t .  Nov. Dec.  J a n .  F e b .  Mar. Apr .  May J u n e  T o t a l  
-

~~ 

Number 

o f  

F l i g h t  

Hours  8,236 7,883 8,168 8,431 7,595 8,418 8,348 8,129 8,511 73,719 


P r e m a  

t u r e  

R e p l a c e  

ment  1 1 3 3 3 1 2 5 3 22 


M a l f u n c  

t i o n  

R a t e  297*10-6 


A = 4 5 . 8 ~ 1 0 - ~  

R a t e  Gyros  o f  t h e  L-102 B 

T h e r e  r e s u l t e d  f o r  t h e  r a t e  g y r o  u n i t  ( t h r e e  r a t e  g y r o s )  o f  t h e  
a u t o p i l o t  L e a r - 1 0 2  B o f  t h e  a i r c r a f t  t y p e  S E  2 1 0  ( C a r a v e l l e )  a c c o r d 
i n g  t o  d a t a  o f  U n i t e d  A i r  L i n e s  a mean r e m o v a l  r a t e  o f  5 . 8 8 ~ 1 0 - ~ ,  
c o r r e s p o n d i n g l y ,  a m a l f u n c t i o n  r a t e  o f  

A = 2 7 2 ~ 1 0 - ~  

t h e r e  r e s u l t s  p r o p o r t i o n a t e l y  p e r  r a t e  g y r o  

A = 90-10-6 

R a t e  Gyro U n i t  o f  t h e  A u t o p i l o t  f o r  t h e  V C - 1 0  ( E l l i o t )  
I 

T h e r e  r e s u l t s  a c c o r d i n g  t o  d a t a  o f  B O A C  for t h e  r a t e  g y r o  u n i t  
a m a l f u n c t i o n  r a t e  o f  

A = 276*10-6 h - l  

P r o p o r t i o n a t e l y ,  t h e r e  r e s u l t s  p e r  r a t e  g y r o  

X = 92.10-6 h - l  

The m a l f u n c t i o n  r a t e s  o f  r a t e  g y r o s  a r e  s u m m a r i z e d  i n  T a b l e  30. 

I f  o n e  n e g l e c t s  t h e  e x t r a o r d i n a r i l y  p o o r  v a l u e s  o f  t h e  P B - 1 0  /70-
R a t e  g y r o ,  t h e n  a v a l u e  o f  
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TABLE 30. MALFUNCTION RATES OF RATE GYROS 


Designation Manufacturer Autopilot Aircraft Source Year Malfunction 


Rate Gyro Smiths 

1 1  Smiths 

I 1  Smiths 

I 1  Bendix 

1 1  Honey-
well 

I I  Lear-
Siegler 

1 1  Bendix 

1 1  

Rate 

A * l o 6  

SEP-4 Viscount BEA 1962 116 

SEP-4 Comet BEA 1962 73 

SEP-5 Trident BEA 1965 50 

PB-1OA Constel- DLH 1961 1,081 
lation 
Viscount 

MH-97 F-104-G Honey- 1964 46 
X-15 well 

L-102B SE-210 UAL 1965 9 0  
(Caravelle) 

PB-20D B 720 UAL 1965 45 

vc-10 vc-10 BOAC 1966 92 



a p p e a r s ,  as t h e  mean v a l u e  o f  t h e  r e m a i n i n g  m a l f u n c t i o n  r a t e s ,  t o  
b e  a t y p i c a l  v a l u e .  

2 . 3 . 1 . 1 . 1 . 4 .  A c c e l e r o m e t e r s  

T h e r e  a r e  a c c e l e r o m e t e r s  i n  v a r i o u s  fo rmsC961 .  I n d i v i d u a l l y ,  
l i n e a r  c o n t r o l - a c c e l e r o m e t e r s  o f  t h e  M a s s - s p r i n g  t y p e  a r e  u s e d  f o r  
p u r p o s e s  o f  f l i g h t  c o n t r o l  ( e . g . ,  a u t o p i l o t  S P - 3 0 ) .  However ,  t h e y  
a r e  n o t  u s e d  i n  a m a j o r i t y  o f  f l i g h t  c o n t r o l  s y s t e m s  f o r  a i r c r a f t  
f o r  c o n t r o l - t e c h n o l o g i c a l  r e a s o n s  ( g r e a t  i n e r t i a l  moments of t h e  
a i r c r a f t  a r o u n d  t h e  ma in  a x i s ) .  An a n g u l a r  v e l o c i t y  s i g n a l ,  l i k e  
t h a t  o b t a i n e d  f r o m  r a t e  g y r o s ,  s u f f i c e s  f o r  t h e  m o s t  p a r t  f o r  t h e  / 7 1  
a t t a i n m e n t  o f  t h e  n e c e s s a r y  c o n t r o l  q u a l i t y .  A c c e l e r o m e t e r s  for 
t h e  m e a s u r e m e n t  o f  a n g u l a r  v e l o c i t y  m u s t  b e  f o u n d  i n  t h e  c a s e  o f  
h i g h - p e r f o r m a n c e  a i r c r a f t .  L i n e a r  a c c e l e r o m e t e r s  a r e  i n s t a l l e d  i n  
p a i r s  s y m m e t r i c t i c a l l y  o u t s i d e  o f  t h e  a i r c r a f t  c e n t e r  o f  g r a v i t y  a n d  
s w i t c h e d  m u t u a l l y  t o  e l i m i n a t e  s i g n a l s  f rom l i n e a r  a c c e l e r a t i o n s  o f  
t h e  a i r c r a f t .  

A c c e l e r o m e t e r  o f  t h e  SP-30 ( S p e r r y )  

I n  c o m m e r c i a l  s e r v i c e  o f  t h e  a i r l i n e s ,  t h e r e  r e s u l t e d  i n  t h e  
f i r s t  s i x  m o n t h s  o f  1 9 6 5  w i t h ,  a l l  t o l d ,  76,178 f l i g h t  h o u r s  o f  t h e  
a i r c r a f t  DC-8 w i t h  2 2  r e m o v a l s  o f  t h e  6 a c c e l e r o m e t e r s  p e r  a i r c r a f t  
a r e p l a c e m e n t  r a t e  o f  

E = 4 8 . 1 ~ 1 0 - ~  

p e r  a c c e l e r o m e t e r .  C o r r e s p o n d i n g l y ,  o n e  c o u l d  f i g u r e  on  a m a l f u n c 
t i o n  r a t e  o f  

Honeywel l  [92] i n d i c a t e s  f o r  a c c e l e r o m e t e r s  a m a l f u n c t i o n  r a t e  
o f  

X = 8 0 * 1 0 - 6  

S i m t h s  A v i a t i o n  D i v i s i o n  i n d i c a t e s  a v a l u e  r a n g e  o f  

2 0  - 125*10-6 

T h e r e  c a n  b e  a s sumed  a s  a mean v a l u e  

A V C O  ( E a r l e s  E E d d i n s  [ 8 9 ,  9 0 1 )  i n d i c a t e s  for l i n e a r  a c c e l e r o - / 7 2
m e t e r s  t h e  v a l u e s  r e c o n s t r u c t e d  i n  T a b l e  31 .  
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TABLE 31. MALFUNCTION RATE OF ACCELEROMETERS AFTER [89, 901 

- . .  -_. 

Malfunction Rates lo6 h-l 


Line Boundary Mean Value Upper Boundary 

Value Value 


~ ~~ ~. - - _. 

0.35 2.80 21.40 


The malfunction rates of accelerometers are compiled in Table 

32. 


TABLE 32. MALFUNCTION RATE OF ACCELEROMETERS 
- __ ~ 

Manufacturer Autopilot Aircraft Source Year Malfunction 
Rate 

l o 6  h - l  
-- .~--. 

Sperry SP-30 DC-8 UAL 1965 24 


Honeywell Honey- 1962 80 

well 


Smiths BEA 1965 70 


AVCO 1962 2 1 . 4  

Jcould be assumed as a typical value of the malfunction rate of ac 

celerometers 


X = 5 0 . 1 0 - 6  

2.3.1.1.2. Bearing Sensors f o r  the 
Steering Control System / 7 3-

2.3.1.1.2.1. General Information 


At this place, only the removal and malfunction rate of the 

sensors of the steering control system are investigated, which are 

generally used at this time in aeronautics. We are concerned here 

with a steering with respect to vertical bases, as for example, 

course and horizontal surface, as for example altitude of aircraft. 


Used as sensors for bearings are: 


magnetic field detectros, compass systems (compass bearing gy
r o s ) ,  navigation receivers (electro-magnetic bearings) for 
VOR, NDB, ILS (localizer). 

5 4  



-- - --- 

-- 

B a r o m e t r i c  ( a n e r o i d )  a l t i m e t e r s  a n d  r a d i o  a l t i m e t e r s  as  w e l l  
a s  t h e  m o d u l a t i o n  of t h e  I L S  g l i d e  p a t h  o v e r  a n a v i g a t i o n  r e c e i v e r  
a r e  u s e d  a s  s e n s o r s  f o r  t a i l - p l a n e  a r e a s .  S i n c e  t h e  b a r o m e t r i c  a l 
t i m e t e r s  a r e  s u p p o r t e d  on  s t a t i c  a i r  d a t a ,  t h e y  a r e  o f t e n  combined  
w i t h  dynamic  ( v e l o c i t y  h e a d )  a i r  d a t a  s e n s o r s  i n t o  a c o n s t r u c t i o n a l  
u n i t  a i r  d a t a  s e n s o r .  The JAS d e f e c t  s i g n a l  or, c o r r e s p o n d i n g l y ,  a 
Mach number s i g n a l  i s  u s e d  f o r  t h e  c o n t r o l  o f  t h e  a n g l e  o f  p i t c h  a n d  
t h u s  o f  t h e  r o o t  r e s p .  Mach number ( a l t e r n a t i v e  t o  a l t i t u d e  p o s i 
t i o n ) .  

2 . 3 . 1 . 1 . 2 . 2 .  M a g n e t i c  F i e l d  D e t e c t o r s ,  Compass S y s t e m s  

Compass S y s t e m  o f  t h e  P B - 1 O A  ( B e n d i x )  

The compass  of  t h e  P B - 1 O A  s w i t c h e s  t h e  compass  d e v i a t i o n  s i g 
n a l s  o f  t h e  m a g n e t i c  f i e l d  d e t e c t o r  a f t e r  a m p l i f i c a t i o n  i n  t h e  com
p a s s  a m p l i f i e r s  o v e r  a c l u t c h  d i r e c t l y  o n t o  t h e  a e i l e r o n  r e s p .  s i d e  
r u d d e r  c h a n n e l  o f  t h e  a u t o p i l o t .  I t  i s  n o t  a m a t t e r  o f  a compass  
d i r e c t e d  d i r e c t i o n a l  g y r o s c o p e  s y s t e m .  

E v a l u a t i o n  o f  [ 8 4 ]  (German L u f t h a n s a )  y i e l d e d  t h e  r e p l a c e m e n t  /74 
and  m a l f u n c t i o n  r a t e s  r e c o n s t r u c t e d  i n  T a b l e  3 3  o f  t h e  a s s e m b l i e s  
of  t h e  compass  s y s t e m .  

T A B L E  3 3 .  REPLACEMENT R A T E  A N D  M A L F U N C T I O N  R A T E  OF 
T H E  COMPASS SYSTEM OF T H E  P B - 1 O A  

Component Number Number F l i g h t  Removal  M a l f u n c t i o n  
o f  Re- o f  Hours  R a t e  R a t  e 
p l a c e - D e f e c t s  E . 1 0 6  1 . 1 0 6  
m e n t s  

- -. -~ - ... 

F l u x  G a t e  
M e t e r  2 7  1 5  4 3 , 4 6 9  6 2 1  3 4 5  

Compass-
A m p l i f i e r  2 6  2 0  4 3 , 4 ? 9  5 9 8  4 6 0  

M a s t e r  
D i r e c t i o n  
I n d i c a t o r  2 5  9 4 3 , 4 6 9  5 7 5  2 0 7  

._ _  ..- i . - . .~.  .-

T o t a l  7 8  4 4  4 3 , 4 6 9  1 , 7 9 4  1 , 0 1 2  
- - - .__ ..- - . _ _  . . - .-- . 

E a r l e s  E E d d i n s  [ 8 9 ,  9 0 1  i n d i c a t e  f o r  a s i m p l e  m a g n e t i c  compass  
a m a l f u n c t i o n  r a t e  o f  

X = 8 . 6 6 ' 1 0 6  
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- - - - - - 

---- - 

-- 

2 . 3 . 1 . 1 . 2 . 3 .  N a v i g a t i o n  Rece iver  

T h e  e v a l u a t i o n  o f  s t a t i s t i c s  o f  U n i t e d  A i r  L i n e s  a n d  B O A C  (VC
1 0 )  y i e l d e d  for t h e  n a v i g ' a t i o n  r e c e i v e r  (VOR, I L S - L o c a l i z e r ,  I L S -
G l i d e  p a t h  r e c e i v e r ,  ADF) t h e  r e m o v a l  a n d  m a l f u n c t i o n  r a t e s  p r e s e n t 
e d  i n  T a b l e s  3 4  a n d  3 5  ( T i m e  s p a n  M a r c h - M a y  1 9 6 5 ) .  

T A B L E  3 4 .  MALFUNCTION RATE OF VHF
/ 7 5C O M M . / N A V .  RECEIVERS 

--- ~ 
A i r c r a f t  Number  N u m b e r  N u m b e r  Removal  M a l f u n c t i o n  

o f  R e - of o f  R a t e  R a t e  
p l a c e - D e f e c t s  F l i g h t  E - 1 0 6  A -106 
m e n t s  H o u r s  

- - - -~- -_---

DC-8 2 4 6  1 4 7  3 8 , 4 9 3  1 , 6 0 0  9 5 0  

B 7 2 0  1 4 1  6 4  2 5 , 4 9 5  1 , 3 8 0  6 3 0  

B 7 2 7  1 6 4  9 0  1 8 , 5 8 9  2 , 2 1 0  1 , 2 1 0  

SE 210 
( C a r a v e l l e )  1 1 2  7 4  1 1 , 2 1 7  2 , 5 0 0  1 , 6 5 0  

v c - 1 0  4 6  2 1  3 7 , 8 5 7  1 , 2 1 5  5 4 0  

V c - l o t )  3 0  2 0  3 7 , 8 5 7  7 7 9  5 3 2  
_ _  - - - -_- .- 

t )  G l i d e  P a t h  R e c e i v e r .  

T A B L E  3 5 .  MALFUNCTION RATES OF NDB-RECEIVERS (ADF)  
~ _ _ _ _  -

A i r c r a f t  Number  Number  Number  R e m o v a l  M a l f u n c t i o n  
of R e - o f  o f  R a t e  Ra te  
p l a c e - D e f e c t s  F l i g h t  E-106 A.106 
m e n t s  H o u r s  

- - ~ 

DC-8 1 0 6  6 1  3 8 , 4 9 3  1 , 3 8 0  7 9 0  

B 7 2 0  6 2  3 8  2 5 , 4 9 5  1 , 2 2 0  7 5 0  
- -~ --_ - - - - .  

N D B  r e c e i v e r s  a r e  n o t  s u i t a b l e  f o r  a n  a u t o m a t i c  f l i g h t  p i l o t 
i n g  b e c a u s e  o f  t o o - s l i g h t  a c c u r a c y  o f  t h e  a z i m u t h a l  i n f o r m a t i o n .  

A m a l f u n c t i o n  r a t e  o f  

A = 1,000'10-6 h - l  

c o u l d  b e  a s s u m e d  for VHF r e c e i v e r s  a s  a m e a n  v a l u e  o f  T a b l e  3 4 .  

5 6  



-- 

- -  

2 . 3 . 1 . 1 . 2 . 4 .  A i r  Data S e n s o r s  

A l t i t u d e  S e n s o r s  o f  t h e  PB-1OA 

The a l t i t u d e  c o n t r o l  o f  t h e  PB-1OA c o n s i s t s  o f  a n  a n e r o i d  w h i c h  
i s  c o n n e c t e d  t o  a s y n c r o  t h r o u g h  a m a g n e t i c  c l u t c h .  

I t  c a n  b e  s e e n  f r o m  t h e  r e p o r t  of German L u f t h a n s a  [ 8 4 ]  t h a t  
t h e  a l t i t u d e  c o n t r o l  u n i t  i s  i n v o l v e d  i n  1 1 . 9 %  o f  a l l  o c c u r r i n g  m a l 
f u n c t i o n s  o f  t h e  f l i g h t  c o n t r o l  s y s t e m .  The m a l f u n c t i o n  r a t e  o f  
t h i s  u n i t  r e s u l t s  a t  

X = 4 6 0 ~ 1 0 - ~  

The damage o f ,  a l l  t o l d ,  1 7  d e f e c t s  d i s t r i b u t e d  i t s e l f  o v e r  t h e  f o l 
l o w i n g  c o n s t r u c t i o n a l  u n i t s  ( T a b l e  3 6 ) :  

T A B L E  3 6 .  D I S T R I B U T I O N  OF D E F E C T S  OF T H E  
T H E  A L T I T U D E  C O N T R O L  P B - 1 O A  A F T E R  E 8 4 1  

- _. _..- - __ -.-

C o n s t r u c t i o n a l  U n i t s  No. o f  C a s e s  
o f  Damage 

. _.- - - . - _ _  .. -.- - . -

M o u n t i n g  6 

C l u t c h  5 

S y n c r o  2 

O t h e r  4 
- - ._ -

T o t a l  1 7  
._ - .- - ~ __- - ~ - ~ _ _ _  

A i r - D a t a - C o m p u t e r  o f  t h e  SP-30 

The a i r - d a t a - c o m p u t e r  c o n s i s t s  o f  a n  a l t i t u d e  c o n t r o l ,  a v e l o 
c i t y  h e a d  s w i t c h  a n d  f u r t h e r  e l e c t r i c a l  a n d  m e c h a n i c a l  c o n s t r u c t i o n 
a l  u n i t s .  I n p u t  v a r i a b l e s  a r e  P i t o t  a n d  S t a t i c  p r e s s u r e ;  o u t p u t  
v a r i a b l e s  a r e  e l e c t r i c a l  s i g n a l  for a l t i t u d e  m a i n t e n a n c e  a s  w e l l  a s  
a s i g n a l  o f  t h e  v e l o c i t y  h e a d  s w i t c h ,  w h i c h  i s  p r o p o r t i o n a l  t o  t h r e e  
v e l o c i t y  r a n g e s ,  t o  t h e  a d a p t i v e  a l t e r a t i o n  o f  d e g r e e  o f  a m p l i f i c a 
t i o n  o f  t h e  m a i n  a m p l i f i e r .  

T h e r e  r e s u l t s  f r o m  t h e  d a t a  o f  U n i t e d  A i r  L i n e s  for t h i s  assem
b l y ,  o f  w h i c h  2 p e r  a i r c r a f t  ( D C  8 ) ,  a m a l f u n c t i o n  r a t e  o f  

X = 3 0 . 3 * 1 0 - 6  
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Combined Barometric Altitude 'Control and 

Air Data Sensor of the PB-20D 


The.air data sensor assembly serves as a sensor for two elec- /77
-
. trical signals which are proportional to pressure level and velocity 

head. The unit consists of two pressure boxes and the electrical 

pick-ups and servos. 


Air France determined the following malfunctions in operation: 


TABLE 37. MALFUNCTION RATE OF THE AIR 
DATA SENSOR OF THE PB-20D (BENDIX) 

-~ - - _ _  - _  

Year No. of Actual No. of Flight Malfunction MTBF 
Defects Hours Rate Chl 

x.106 

1963 52 52575 990 1010 

1964 43 65250 663 1510 
~~ ~ 

The malfunction rates indicated in Table 37 are mean values. 

Figure 22 and 23 show a more exact course of the malfunction rates 

as a function of time 


o s  a 

Fig. 22.' Malfunction Rate of The Air-Data-Sensor 

(PB-20) as a Function of Operational Time (1963) 
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31 


F i g .  2 4 .  R e l i a b i l i t y  as a F u n c t i o n  o f  O p e r a t i o n a l  T i m e  ( 1 9 6 3 )  
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/81 
-
e--- O p e r a t i o n a l  R e l i a b i l i t y  

T e c h n i c a l  R e l i a b i l i t y  

o 2 6 c e n i z  u 16 I) 20 22 u 2c 

F i g .  2 5 .  R e l i a b i l i t y  a s  a F u n c t i o n  o f  O p e r a t i o n a l  T i m e  ( 1 9 6 4 )  

The r e l i a b i l i t y  a s  a f u n c t i o n  o f  t i m e  o f  t h e  a s s e m b l y  a i r - d a t a 
s e n s o r  i s  p r e s e n t e d  i n  F i g u r e s  24  a n d  2 5 .  The r a t i o  o f  o p e r a t i o n a l / 8 2
r e l i a b i l i t y  t o  t e c h n i c a l  r e l i a b i l i t y  a l s o  a m o u n t s  h e r e  t o  0 . 5 .  

N o t e w o r t h y  i s  t h a t  t h e  p r o b a b i l i t y  o f  r e a c h i n g  2 0 0 0  h amoun ted  
t o  1 3 %  i n  1 9 6 3 .  I n  1 9 6 4 ,  h o w e v e r ,  2 5 % .  

The f o l l o w i n g  r e m o v a l  r a t e s  E were a b l e  t o  b e  d e t e r m i n e d  f r o m  
s t a t i s t i c s  o f  U n i t e d  A i r  L i n e s  f o r  t h e  a i r - d a t a - s e n s o r  o f  t h e  PB-20 
o f  t h e  B o e i n g  7 2 0  

E = 7 1 7 ~ 1 0 - ~  

One o b t a i n s  f r o m  t h i s  d i v i s i o n  by t h e  f a c t o r  d = 2 . 1 6  t h e  m a l f u n c 
t i o n  r a t e  

X = 332.10-6 

I f  o n e  c o m p a r e s  t h i s  v a l u e  w i t h  t h e  r e s u l t s  f r o m  t h e  s t a t i s t i c s  o f  
A i r  F r a n c e ,  w h e r e  a v a l u e  o f  A = 6 6 3 . 1 0 - 6  r e s p .  X = 9 9 0 . 1 0 - 6  r e s u l t 
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ed f o r  t h e  a i r c r a f t  d e s i g n  B 707 f o r  t h e  same a s s e m b l y ,  t h e n  t h e  
above f o u n d  v a l u e  i s  s m a l l e r  by  t h e  f a c t o r  two t o  t h r e e .  The r e a s o n  
f o r  t h i s  c o u l d  l i e  i n  t h e  e s s e n t i a l l y  d i f f e r e n t  o p e r a t i o n a l  p r o f i l e  
o f  t h e  medium r a n g e  a i r c r a f t  B 720 as  o p p o s e d  t o  t h e  l o n g  r a n g e  v e r 
s i o n  B 707. 

A i r - D a t a - S e n s o r  o f  t h e  SP-50 B (B 727) 

A mean r e m o v a l  r a t e  o f  762.10-6 o c c u r r e d  i n  t h e  t i m e  s p a n  J u l y  
1964 - J u l y  1965 i n  t h e  f l e e t  of  U n i t e d  A i r  L i n e s  i n  t h e  a i r - d a t a 
s e n s o r  o f  t h e  SP-50, c o r r e s p o n d i n g  t o  t h e  m a l f u n c t i o n  r a t e  o f  

X = 353'10-6 

A l t i t u d e  C o n t r o l  o f  t h e  L 102 B ( C a r a v e l l e  A u t o p i l o t )  

A r e m o v a l  r a t e  o f  11.77*10-4 r e s u l t e d  i n  t h e  t i m e  s p a n  J a n . -
J u l y ,  1965 w i t h ,  a l l  t o l d ,  22,090 f l i g h t  h o u r s  i n  t h e  c a s e  o f  U n i t e d  
A i r  L i n e s  f o r  t h e  b a r o m e t r i c  a l t i t u d e  c o n t r o l  u n i t ,  c o r r e s p o n d i n g  
t o  a m a l f u n c t i o n  r a t e  o f  

X = 544.10-6 

P r e s s u r e  U n i t  o f  t h e  SEP-4 (Comet I V  A u t o p i l o t )  

The B E A  a s c e r t a i n e d  f r o m  J u l y  1961 t o  J u l y  1961 w i t h ,  a l l  t o l d ,  
34,141 f l i g h t  h o u r s  o f  t h e  f l e e t  o f  13 a i r c r a f t  o f  t h e  t y p e  Comet /83 

a m a l f u n c t i o n  r a t e  o f  

X 1 490*10-6 

The m a l f u n c t i o n  r a t e s  of a i r - d a t a - s e n s o r s  a r e  c o m p i l e d  i n  T a b l e  38. 

The mean v a l u e s  o f  t h e s e  m a l f u n c t i o n  r a t e s  o f  t h e  combined  a l 
t i t u d e  and  v e l o c i t y  h e a d  s e n s o r  h a r d l y  d i s t i n g u i s h e d  i t s e l f  f r o m  
t h a t  o f  t h e  s i m p l e  a l t i t u d e  s e n s o r s .  

2.3.1.2. Computer  - A m p l i f i e r  

2.3.1.2.1. G e n e r a l  I n f o r m a t i o n  

The e x p a n s i o n s  o f  t h e  f u n c t i o n s  o f  f l i g h t  c o n t r o l  s y s t e m s  a n d  /84-
g r e a t e r  demands o f  t h e  c o n t r o l  q u a l i t y  were  o n l y  p o s s i b l e ,  compared  
w i t h  t h e  f i r s t  g e n e r a t i o n ,  by means  o f  t h e  a p p l i c a t i o n  o f  e l e c t r o n i c  
c o m p u t e r - a m p l i f i e r s .  C o r r e s p o n d i n g  t o  t h e  s t a t e  o f  t e c h n o l o g y ,  i t  
w a s ,  t o  b e g i n  w i t h ,  t u b e  a p p a r a t u s  i n  t h e  c o n t r o l  s y s t e m s  o f  t h e  
s e c o n d  g e n e r a t i o n s  (PB-10, A-12, SEP-2). The r e l i a b i l i t y  o f  t h e  
e l e c t r o n i c  a s s e m b l i e s  w a s ,  t o  b e g i n  w i t h ,  v e r y  u n s a t i s f a c t o r y  
(Bazowsky [75]). Only  w i t h  t h e  i n t r o d u c t i o ' n  o f  s e m i c o n d u c t o r  c o n 
s t r u c t i o n a l  u n i t s  e s p e c i a l l y  t r a n s i t o r s ,  a r o u n d  1955, i n t o  t h e  f l i g h t  
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TABLE 38. MALFUNCTION RATES OF AIR-DATA-SENSORS 

~. ~.- .. - -

Manufacturer Autopilot Aircraft Source Year Malfunc- Remarks 

tion 


Rate 

A 106h-1 


Sperry SP-30 DC-8 UAL 1965 30 Combined 
Bendix PB-20 D B 707 AF 1963 990 altitude 

and pres- -
Bendix PB-20 D B 707 AF 1964 663 sure head 

Bendix PB-20 D B 720 UAL 1965 332 sensor 
(Pilot-

Sperry SP-50 B 727 UAL 1965 353 Static) 
- ____---- -

Lear-
Siegler L-102 SE 210 UAL 1965 544 A 1titude 
Smiths SEP-4 Comet BOAC 1962 490 Sensor 
Bendix PB-1OA V-814 DLH 1961 460 (Static) 

control systems of the third generation, could the reliability of 

the electronics be essentially improved (Brodzik, J. [98], p. 31). 


2.3.1.2.2. Malfunction Rates 


Computer-Amplifier of the Autopilot PB-20 D 


An evaluation of the statistics of Air France yielded for the 

year 1964-1965 for the computer-amplifier of the PB-20 D a mean mal

function rate of 


A = 1480*10-6 

(84 malfunctions in 56,925 flight hours). 


A more precise presentation of the t'emporal course of the mal

function rate is reconstructed in Figure 26. It can be seen that 

it is justified to calculate with a constant mean malfunction rate 

within the static fluctuations. The greatest and smallest of values 

of the malfunction rate amount 500 and 2180'10-6. The majority of 

values fluctuates between 900 and 1800.10-6. 


The course of the technical reliability and operational reli

ability of the computer-amplifier of the PB-20 D is shown by Figure 

27. 
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Fig. 26. Malfunction Rate of the Computep-

Amplifier of the PB-20 D 


/86 

_-- -Operational Reliability 
Technical Reliability 


- .  
\ Fig. 27. Reliability of 

the Computer-Amplifier of 

PB-20 D. 
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Computer-Amplifier of the SP-50 (Sperry) 


The malfunction rate of electronic assemblies is strongly tem

perature-dependent. A corresponding investigation C871 on the as

semblies of roll, pitch and yaw electronics is shown by the results 

presented in Figure 28. It can be seen that the malfunction rates /87
-
rise stronly from ca. 40° C and have reached twice the value at 70° 
C as at 20° C. 

The malfunction rates amount
A . l O ' [ , i ] ~  

t here at a plausible operational 
0.6 1. value of 40°  C: 

2 .  	 Roll electronics: 360.10-6 
Pitch electronics: 270.10'6 
Yaw electronics: 100'10-6 

3. 

As opposed to that, the values, 

as they were able to be obtained 
0 

o D a, 30 a Y) 6 m a L m  from the publications of United 
Air Lines, amount to: 


4 .  
Roll electronics: 503'10-6 
Pitch electronics: 6 6 3 ~ 1 0 - ~Fig. 28. Malfunction Rates of (resp. 590.10-~) 
the Computer-Amplifiers of the Yaw electronics


SP-50. (doubled) 508*10-6 

1. Roll Electronics Yaw electronics 

2. Pitch Electronics (1 unit) 254'10-6 

3. Yaw Electronics 

4 .  	 Temperature (OC) The occurring differences 

lie within possible statistical /88-
fluctuations. The values of Sperry were, moreover, ascertained in 
a bench test, so that, eg , an environmental loading by means of 
vibration is not present. 

Summary of the Malfunction Rates of 

Various Computer-Amplifiers 


The results of the evaluations of the publications of the var 

ious commercial airlines for computer-amplifiers of flight systems 

of the third generation are compiled in Table 39. 


The removal rates E as a function of time of computer-amplif

iers of various autopilots are reconstructed in Figure 29. 


These results fater Table 39 as a mean value of the malfunction 

rates of the computer-amplifier a value of 


h = 1,250.10-6 
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TABLE 39. REMOVAL RATES OF COMPUTER-AMPLIFIERS OF VARIOUS AUTOPILOTS 

Assembly Manufacturer Autopilot Aircraft Source Year ' Malfunction 

Amplifier 


Computer 

15453 

Computer 

15q53 

Amplifier 


Amplifier 

Computer-

flight Con

trol Stabil

ization 

Amplifier-

Main A/P 

Roll-Control 

Pitch-Control 

2 Yaw-Control 

Total Control 

Roll-Control 

Pitch-Control 

2 Yaw-Control 

Gesamt 


' 

Rate 

10 [he'] 


Bendix PB-1OA V-814 DLH 1961 1,196 
L-1049G 

Bendix PB-20 D B-707 AF 1965 1,480 

Bendix PB-20 D B-720 UAL 1965 1,610 
Smiths SEP-4 Viscount BEA 1962 450 

V-814 
Smiths SEP-4 Comet BEA 1962 490 

1,480 

(860) 


Sperry SP-30 DC-8 UAL 1965 (620) 


Lear L-102 B Caravelle UAL 1965 2,050 

Sperry SP-50 B-727 UAL 1965 (503) 


(663) 

(508)


1,674 

Sperry SP-50 B-727 Sperry 1962 (360) 


(270) 

(200)

830 


Values in parentheses refer to subassemblies. 


AF = Air France 

DLH = Lufthansa 

BEA = British European Airways 

UAL = United Air Lines 



o l  =. 
Dec.  J a n .  F e b .  Mar. A p r .  ~ a yJ u n e  1 9 6 5  

F i g .  29. Removal  R a t e s  o f  C o m p u t e r - A m p l i f i e r s  

2.3.1.3. S e r v o m o t o r s  

2.3.1.3.1. E l e c t r i c a l  S e r v o s  

If e l e c t r i c a l  s e r v o s  s e r v e  t h e  p u r p o s e  o f  a d j u s t i n g  t h e  a e r o - /90 

d y n a m i c a l l y  e f f e c t i v e  s u r f a c e s  f o r  t h e  c o n t r o l  o f  t h e  a i r c r a f t ,  t h e y  
c o n s i s t  o f  t h e  a c t u a l  e l e c t r i c a l  m o t o r  w i t h  a n  a t t a c h e d  g e n e r a t o r  
f o r  t h e  p r e d u c t i o n  o f  a v e l o c i t y  s i g n a l ,  a p o s i t i o n  f e e d b a c k ,  a re
d u c t i o n  g e a r ,  a m a g n e t i c  c l u t c h  a n d  a n  o v e r - t r a v e l  c l u t c h .  

S e r v o m o t o r s  o f  t h e  A u t o p i l o t  PB-20 D 

The f o l l o w i n g  m a l f u n c t i o n s  on t h e  s e r v o s  on t h e  PB-20 D o f  t h e  
B o e i n g  7 0 7  f l e e t  (24 a i r c r a f t )  a s c e r t a i n e d  i n  f l i g h t  o p e r a t i o n  w e r e  
a b l e  t o  b e  o b t a i n e d  f r o m  p u b l i c a t i o n s  o f  A i r  F r a n c e .  

T A B L E  40. M E A N  V A L U E S  OF M A L F U N C T I O N  R A T E S  A N D  
MTBF OF E L E C T R I C A L  A C T U A T O R S  OF T H E  PB-20 D 

- - -_ _  
Assembly  No. o f  N o .  o f  M a l f u n c t i o n  MTBF 

A c t u a l  F l i g h t  R a t e s  
D e f e c t s  Hours  

- .~- - __.  - __ 

Vane S e r v o  
(1964) 29 152,800 189*10-6 5,270 

S e r v o  T r i m m  
(1961/62) 54 29,245 541 

S e r v o  T r i m m  
(1964) 7 1  60,225 1,180*10-6 848 
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The more exact temporal dependence and static fluctuations of 

the malfunction rates of the servo trimms are presented in Figure 

30. 


6 2  

Malfunction Rates of Servo-Trimms of the PB-20 D 


Figure 31 shows the course of the operational reliability of /92 

the servo trimms for the time span 1961/62 and 1963/64. 


There results from the statistics of United Air Lines for the 
vane servo of the PB-20 D a removal rate of 103'10-6 and for the 
servo trimm a removal rate of 8 4 0 . 1 0 - 6 .  Further values of servo
motors of the various autopilots are reconstructed in Table 41. 

If one neglects the malfunction rate of the apparently very 

unreliable servo trimm of the PB-20 D, a mean value of the malfunc

tion rates results from Table 41 at 
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Dl T A B L E  4 1 .  R E M O V A L  A N D  MALFUNCTION RATES OF VARIOUS E L E C T R I C A L  ACTUATORS.
0) 

A s s e m b l y  A u t o p i l o t  No. o f  No. o f  T o t a l  No. R e m o v a l  M a l f u n c t i o n  
Com- R e  - A c t u a l  F l i g h t  Ra te  -10 Rate  *lo6 

m e r i c a l  m o v a l s  D e f e c t s  H o u r s  
L i n e  

A i r c r a f t  

V a n e  S e r v o  
S e r v o  T r i m m  

V a n e  S e r v o  
S e r v o  T r i m m  

E l e v a t o r  
S e r v o  
A i l e r o n  
S e r v o  
T o r q u e l i 
m i t e r  

E l e v a t o r  
S e r v o  
E .  T r i m m  
S e r v o  

S e r v o +  

S e r v o ( A u t o 
p i l o t )  
S e r v o ( R o t . -
A c t .  ) 

S e r v o + )  
S e r v o  T r i m m  

PB-20 D 

AF 

B-707 


PB-20 D 

U A L  

B - 7 2 0  


SEP-4  

B E A  
V-814 

( V i s c o u n t )  

S E P - 4 ,  B E A  

C o m e t  
SP-30  
U A L  
DC-8 

SP-30  
U A L  
B - 7 2 7  

L - l 0 2 B ,  U A L  2 
S E - 2 1 0  1 . 3  

1 5 2 , 8 0 0  
6 0 , 2 2 5  

7 3 , 7 1 9  
7 3 , 7 1 9  

8 3 , 8 0 0  

8 3 , 8 0 0  

8 3 , 8 0 0  

3 4  ,1 4 1  

3 4 , 1 4 1  

6 7 , 1 7 8  

6 2 , 9 4 5  

6 2 , 9 4 5  

2 2 , 0 9 0  7 5  
2 2 , 0 9 0  6 0  

1 8 9  
1 , 1 8 0  

5 1  
4 2 0  

5 0  

30  

3 0  . 

8 0  

9 0  

8 8  

4 0  

7 1  

3 7  
30 


t Mean v a l u e  f r o m ,  i n  e a c h  c a s e ,  3 u n i t s .  
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- - - -  Operational Reliability 


4 1  \ .  . . 
\ 1961/62
\ 
\

I t . lo2[h] 
I !  . . - . . . .  . . . . . _ - . _ . . . . . . . .c 

6 2 & 6 8 10 I 2 1 4 1 6 1 6 2 0 2 2  

Fig. 31. Reliability of Servo Trimms of the PB-20 D 


2.3.1.3.2. Hydraulic Servomotors 


In the case of high performance aircraft the rudder adjustment /94
frequently does not take place through electromechanical servomotors, 
rather through electrohydraulic servomotors. 

The electrical adjustment signal of the computer-amplifier is 

conducted to the booster of the servomotor over an electrohydraulic 

servo value. The mechanical activiation by the pilot controls the 

same servomotor over a mechanical adjustment of the booster. 


The reliability of the hydraulic feed will be left out of con

sideration here; great progress has been made in the area of the 

reliability of the hydraulic aircraft system; more detail on this 

matter can be obtained in [99-1021 as well as [114, 124, 1251. 


Only a few data were available to the author on the reliability 

of hydraulic servos. 


~-Elliot Bros.8 L-td. indicates the following values for malfunc- . .  .- - -

Accommodatingly provided at the request of the author (Feb. 1966). 
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- 

- 

- 

- - - - - - 

tion rates. 

Torque pick-up motor - 1 0 ' 1 0 - 6  

Servo value --
Booster -

40  

1 6  -


Total A = 6 6 ' 1 0 - 6  


Smiths Av. Div.' indicates for the entire servomotor a value / 9 5 
-of 


A = 100.10-6 

Earles and Eddins c 8 9 ,  9 0 1  give the following data for hydrau
lic boosters: 

Lower boundary value --


Mean value - 12.5 


0 . 8 6  

Upper boundary value - 3 6 . 6  -


According to Earles and Eddins, the malfunction rate for servo 

values is: 


Lower boundary value -- 1 6 . 8  
-
Mean value 

-


3 0 . 0  

5 6 . 0Upper boundary value -

There resulted for a complete servomotor in first approximation 
(sum o f  servo value + booster) the following malfunction rates: 

Lower boundary value - 1 7 . 6  
-Mean value . - 42.5 
-Upper boundary value - 9 2 . 6  * l o b 6  

The values of Elliot, Smith and Earles and Eddins agree well. 

If one forms the mean value of these indicated malfunction rates, 

one could assume as a typical malfunction rate of an electrohydrau

lic servomotor 


A = 6 9 * 1 0 - 6  

2.3.1.4. Other Assemblies 


Aside from the assemblies discussed to this point, there are 196 
additional components that belong to the two flight control systems. 

- ._--

9 
Accommodatingly provided at the request of the author (Feb. 1 9 6 6 ) .  
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TABLE 42. REMOVAL AND MALFUNCTION RATES OF OTHER ASSEMBLIES 


Assembly Autopilot No. of No. of Total No. Removal Malfunction 
Com- Pre- Actually Flight Rate Rate 

mercial mature Determined Hours E.10‘ h - l  * l o 6  h - l  
Airlines Re- Defects 
Aircraft movals 


Control SEP-4, BEA 

Unit Viscount 


SEP-4, BEA 

Comet 


SP-30, UAL 

DC-8 


PB-20, UAL 

B-720 


SP-50, UAL 

B-727 


L-l02B, UAL 

Caravelle


Control 

Unit - Dual VC-10, BOAC 
Controller VC-10 
Position SP-30, UAL 

Indication DC-8 


PB-20, UAL 

B-720 


SP-50, UAL 

B-720 


Position SP-50, UAL 

Indicator B-727 


PB-20, UAL 

B-720 


83,880 330 

34,141 460 

68 76,178 893 

38 73,719 515 

51 62,945 810 

8 22,090 362 
-

38 32 37,857 1,004 851 

4 76,178 53 

1 73,719 13 

12 62,945 190 

14 62,945 222 ( 6 )  

15 73,719 202 ( 3 )  



-- 
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It is essentially a matter of the following assemblies: 


Control unit (controller, flight panel) 


Trimm indicator 


Position transmitter 


However, in each. case according to autopilots type, still fur
ther assemblies can be components of the system (e.g., current dis
tributor boxes , etc. ) .  

Removal and malfunction rates of the above cited assemblies 

have been compiled in Table 42. 


2.3.1.5. Summary 


The typical values of the malfunction rates of assemblies of /98
-
modern autopilots (third and fourth generations) are reconstructed 

in Table 43, as they were obtained in the preceding sections. 


A rounded off mean value should be understood as a typical 

value. 


The malfunction probabilities of autopilot models will be able 

to be estimated with the help of the typical malfunction rates fur

ther below (point 8). 


TABLE 43. TYPICAL MALFUNCTION RATES OF AUTOPILOT ASSEMBLIES 

- ~-- _  ~ 

Assembly Malfunction Rate 

h . 1 0 6  h-l 

-_ _ _ _  

Position Gyro 


Stabilized Platform 


Rate Gyro 


Accelerometer 


Compass Directional Gyroscope System 


VHF-Nav. Receiver (VOR, ILS) 


VHF Glide Path Receiver 


NDB Receiver (ADF) 


Combined Altitude and Pressure Head 

Sensor (Pilot-Static) 


Computer-Amplifier (for all 3 axes) 


Electrical Servomotor 


Electrohydraulic Servomotor 


Control Unit 


_ _  

500 


1 , 5 0 0  

70 


50 


8 0 0  

1,000 


500 


8 0 0  

500 


1,250 


6 5  

70 


350 
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2.3.2. CONSTRUCTIONAL COMPONENTS 


2.3.2.1. General Information 


The constructional units which find application in the manu- /99
facture of light control systems are equal in their functions of 
light control systems are equal in their functions to those which 
are employed in other areas of technology. However, special demands 
are made of them, which result from altered environmental conditions 
and the loads associated with them. These are, especially, vibra
tion, shock, temperature, and moisture, which show an altered spec
trum (Fig.. 9, 10, 11, 12). 

The differing spectra of vibration, shock, temperature moisture 

are compiled in Figures 9, 10, 11, 1 2  after Earles and Eddins (AVCO) 

c89, 901, as they are typical for individual locations of installa

tion such as orbits of a satellite, laboratory structure, earth

bound, fixed installations, ships, ground vehicles, railroads, air

craft, early and present used missiles. 


A considerable amount of literature is present on these reli 

ability and malfunction rates of constructional units [831, since 

it has become customary to demand from the manufacturers of the con

structional components, besides function parameters, also data on 

malfunction rates. 


2.3.2.2. Malfunction Rates 


A comparison of the distribution of all malfunction rates on 

various places of installation is reconstructed in Figure 32 and 

after [89, 901. 


Malfunction rates of constructional units are compiled in /loo 

Table 44, which were taken from the most complete publications avail

able to date. 


They are the following: 


1. 	 Earles, D.R. and M.F. Eddins (AVCO Corporation): Failure 
Rates [89, 9 0 1 .  

2. 	 Military Standaradization Handbook (MIL-HDBK 217): [881 

Reliability Stress and Failure Rate Data for Electronic 

Equipment/ 


3. 	 RADC Reliability Notebook (PB 161 894 [parts 1, 2, 31) of 
the U . S .  Department of Commerce, National Bureau of Stand
ards, C1031. 

4. Honeywell: M.H. Aero-Report 2685-Tr 1 C921. 


The values of 2 (MIL-Handbood 217) agree to a large extent with 

the values of 3 (RADC-Notebook), since the MIL-Handbook represents /lo1 

a continuation of.the Rome Air Development is indicated in Table 44 

as a source. 
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Air-Rocket 

craft 

Fig. 32. Distribution of Mal
function Rates of Constructional 
Units at Various Places of In
stallation (after [ 8 9 ,  901). 

Further values are taken 

from the Aero-report of Honeywell. 


Malfunction rates are noted 

in the column !'typical values", 

which became known to the author 

from various other sources in 

comparison with 1, 2, 3 and 4. 


2.3.2.3. Distribution of 

Malfunction in Flight Control 

Systems Over the Individual 


Constructional Units 


Lufthansa determined the dis

tribution of malfunction over the 

individual constructional compo

nents reconstructed in Table 45 

in the time span from March 2, 

1960 to December 31, 1962, with, 

all told, 63,000 flight hours 

11041. 


2.3.2.4. Special Problems in the 
Consideration o f  Malfunction 

2.3.2.4.1. Electrical and Electronic Constructional Units 


Electrical constructional units can be drawn together into groups 

which are subject to approximately the same malfunction mechanisms: 


1. Semiconductor components (transistor, diodes) 


2. Resistances, potentiomete~s 


3. Condensors 


4. 	 Inductivities, (Choking Coils, Transformers, Windings of 

Motors, Generators, Syncros) 


5. Switches, relays 


6. Plugs, Soldered spots, Connections 


7. Integrated Circuits 


Amplifier tubes (vacuum tubes) no longer play a role in avion

ics. Also, constructional units of heavy current engineering find, 

in practice, little application in flight control. 


It has been shown that the malfunctions of electrical components 

are temperature-dependent. 
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TABLE 44. MALFUNCTION RATES OF CONSTRUCTIONAL UNITS 


Constructional AVCO Honeywell MIL-Hdbk Typ.ica1 
(Earls 6 217 Values 

Condensor 

I I  , Paper 
I 1  , Tantalic 

Capacitor 
I 1  , Oil Electro

lyte 
11 , Metallic 

Paper 

11  , Ceramic, 

Mica 

T I  Paper under 


600 V 

11  Paper over 

600 V 
11  , Quality 

Ceramics 


Adjustable Disc 

Condensor 


, Air 
11  , Ceramic 

Condensor, General 


Resistance, Layer 

I 1  , Mass 
11 , Wire 
I 1  Fixed 
11  , Precision 

Resistance, General 

Potentiometer, Layer 

11 , Mass 
I 1  , Wire 
I 1  , Motor Driven 

Eddins) 


0.4 0.11 


0.05 0.8 0.24 


0.6 0 . 9  0.58 

0.3 


0.8 


0.0625 0 . 8  0.05 

0.025 


0 . 0 9  

0.06 


0.1625 


0 . 0 3 4  0.1 
0.155 0.31 

0.1 0.74 0.23 1.0 

0.045 0.5 0.65 
0.043 0.11 

0.087 0 . 7  0.68 
0 . 0 3  

1.67 0 . 7 9  

0.159 0 . 6  0.56 0.5 

0.25 /lo2 
0.1 

1.4 5 . 0  

5.485 
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Constructional AVCO Honeywell MIL-Hdbk Typical 
(Earls E 217 Values 

Eddins ) 

Potentiometer, Layer (Contt) 

11  	 , Thermal 

, Heat 

Potentiometer, General 


Transistor, for 

Amplifiers 


1 1  , Germanium 
1 1  , 2 m W  
1 1  , 20 m W 
1 1  , 200 m W 
11  , Mesa 
11  , Silicon 
1 1  , for electron

ic switches 
I t  , Boundary 

layer 

1 1  , Silicon 

digital 

11  , Silicon 

analogous 
1 1  , power 

Transistor, General 


Thermistor 


Diode, Germanium 
1 1  , Power 
I 1  , Selinium 
11 , Silicon, 

rectifier 
11 , Silicon, 

carbide 
I 1  , Break

3.0 


0.5 


0.3 


0.4 


0 . 7  

1.91 


0.07 


5.0 3 . 0  

0.5 11.8 


0.4 


0.12 


0.61 11.8 5.0 


0.6 0 :7 0.65 


0.157 


0.42 


0.2 


0.2 1.0 


0.10 


down(Z- 0.15 
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C o n s t r u c t i o n a l  A V C O  H o n e y w e l l  MIL-Hdbk T y p i c a l  
( E a r l s  E 217 V a l u e s  

E d d i n s )  
- - .- _ _  . - _ -

D i o d e ,  Germanium (Can't) 
I t  , S h o c k l e y  

1 1  , four l a y e r  

D i o d e  , G e n e r a l  0 . 2  1.0 

T o r o i d a l ,  r e a c t o r  
(for m a g n e t i c  a m p l i -
fi e r  ) 4 . 5  

P r e s s u r e - t r a n s f o r m e r  

G y r o ,  r a t e  7 . 5  
1 1  , v e r t i c a l  1 0 . 0  100-300 

G y r o ,  G e n e r a l  1 5 . 0  200  

M o t o r ,  A . C .  5 . 2 4  
1 1  , D . C .  9 . 3 6  
I 1  , h y d r a h l i c  4 . 3  
11 , i n d u c t i o n  8 . 6  
I t  , s e r v o  1 . 5 1  
11  , s y n c h r o n  0 . 3 5 9  

Motor e l e c t r i c  
g e n e r a l  0 . 3  

Moto r  , general 4 . 5  

G e n e r a t o r  , A .  C .  1 5 . 0  
I t  , N-F ( A u d i b l e  

r a n g e  ) 0 . 3 5  
I t  , D . C .  1 2 . 4  

G e n e r a t o r ,  g e n e r a l  0 . 9  

Lamp, g e n e r a l  0 . 6 2 5  

S w i t c h ,  m a g n e t i c  
( s o l e n o i d )  

I 1  , T i p p i n g -
p r e s s u r e  

6 . 0  

1.0 


1 5 0  

500 

1 0 . 0  

4 . 5  

1 5 . 0  

0 . 9  

5 . 3  
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Construction AVCO Honeywell MIL-Hdbk Typical 
(Earls E 217 Values 

Eddins ) 
- __ . 

Switch, magnetic 

(solenoid) (Con't) 


11  , rotation 
I 1  , micro 
1 1  , servo 

Switch, generaljper 
contact 

Plug connections 


Per plug of connection 


Relay , armature 
1 1  , signal 
1 1  , power 

Relay, sensitive 

1 1  , thermal 
1 1  , miniature 

Relay , general 

Vibrator 


Accelerometer (linear) 


Delay line 
1 1  , system 

_-.. -. ~ -__- .--__ 

0.25' 


0.25 5.0 


0.003-2.0 0.14 0.1 


0.3' 


0.26' 

0.3 '  

0.4 '  

0.06' 


0.25' 15.5 15 


0.5 


2.8-8.0 0.1-1.6 


0.11 


Spring, restoring force 0.012 
11 , f o r  adjust

ment 0.22 

Spring, general 0.105 0.1 


Directional Coupler 1.52 


Vibrator 0.5 


Fuses, Hydraulic 1.61 

11  , pneumatic 2 . 5  
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C o n s t r u c t i o n a l  A V C O  H o n e y w e l l  MIL-Hdbk T y p i c a l  
(Earls E Values 

E d d i n s )  
-
_ _  _ _  

F u s e s ,  g e n e r a l  0 . 5  

T h e r m o s t a t  0 . 3  

A m m e t e r  0 . 2 9  

C o u p l i n g ,  S l i p  0 . 3  
11 , m a g n e t i c  0 . 6  

I 1  , c l a w  or t o o t h  0 . 0 6 3  

C l u t c h ,  g e n e r a l  0 . 0 6  

A m p l i f i e r ,  m a g n e t i c  0 .085 '  
11 , s i g n a l  ( l o w  

power  1 3 . 1 1  
11  , c o n t r o l  5 . 3 3  

A m p l i f i e r ,  g e n e r a l  0 . 2 9  

R e s o l v e r  

B o o s t e r  s e r v o  1 2 . 5  

F i n a l  c o n t r o l  e l e m e n t ,  
s u p p o r t  s e r v o  1 2 . 5  

F i n a l  c o n t r o l  e l e m e n t ,  
g e n e r a l  5 . 1 0  

C o n n e c t  i o n  mechan i sm 
a n d  j o i n t  1 0 . 9 7  

P i s t o n ,  h y d r a u l i c  0 . 2  

P i c k - o f f ,  A . C .  

T o r q u e  Moto r  

T r a n s d u c t o r s  

C o n t a c t  s t r i p  

S e r v o  v a l u e ,  e l e c t r o 
h y d r a u l i c  s e r v o m o t o r  3 0 . 0  

T r a n s m i s s i o n  0 . 6 3  

. .  ~ 

2 . 7 5  

3 . 0  

5 . 0  

2 . 0  

2 0 . 0  

10.0 


1 0 . 0  / l o 5  

4 . 0  

10.0 


5 . 0  

3 0 . 0  

0 . 6  

7 9  
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Constructional A V C O  
(Earls E 

Eddins ) 
~. 

Differential linkage 1.0 


Solder spot/lines 


Transformer, power 0.5 

11 , synchro 0.028 
11  , signal 
1 1  , differential 

Transformer, general 0.15 


Screen-net-NF- reactor 


Inductivity, tunable 
(mech.) 0.008 

Inductivity, with 

Pick-off 


Inductivity, general 0.02 

t are indicated in F/106 connections 


Honeywell MIL-Hdbk Typical/lo6
217 Values-

~

1.0 


0.01 


1 7 . 0  

4.0 


2 1 . 0  

14.0 5 . 0  

1.0 


It is assumed E881 that the malfunction rate of semiconductor / i o 7  
components like transistors and doides are, in first approximation, 
a function of the boundary layer temperature T. 

This temperature results from the environmental temperature TA and 

the temperature increase produced in the semiconductor by absorbed 

power. The following relation is indicated in E881 for the tem

perature T at the collector: 


T = TA + O PK 


Here: /lo8

TA = Environmental Temperature ("C) 
0 = Thermal Resistance ("C/mW> 

pK = Mean Converted Power (mW) 

8Q 
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TABLE 45. DISTRIBUTION OF MALFUNCTIONS OF AUTOPILOTS 
OVER THE INDIVIDUAL CONSTRUCTIONAL UNITS AFTER [lo41 

No. Constructional Unit and Other Portion of the 
Sources of Defects Total Number of 

Malfunctions ( % )  
- _ _  - . . - . _ 

1. 	 Semiconductors 

(diodes, transistors) 3.7 


2. 	 Electrical Constructional Units 

(Resistanc-e, Condensors, Potentiometers) 7.4 


3. Relay 16.8 


4. 	 Wiring

(Insulation, Interruptions, Short Circuit) 4.0 


5 .  Mechanical- .Parts Exposed to Wear 
- .

(-Bearings,Rotors, Damping Piston, Couplings,

Transmission, Shock Absorbers) 42.6 


6. 	 Contacts 
(Switches, 5.7 

7. Fuses 4 . 0  

8. 	 Untight 

(Air data computer) 0.3 


9. Out of Tolerance 

(Calibration necessary, coupling adjustment,

synchro-zero adjustment) 15.5 


100.0 


A typical value in the case of good heat lead off (large sur
face cooling surface contact) is indicated at 0 = 0.11, with heat 
lead-off only by convection (as e.g., in transistors) 0 = 0.25. 

Experimental determination of the malfunction rate of semicon

ductor components has resulted in the fact that the malfunction rate 

A as a function of the environmental temperature T show, to begin 

with, a flat, horizontally running part and, from a certain tempera

ture on, a strongly ascending course. The temperature at which the 

sharp bend occurs is all the lower the smaller the converted power. 


Through the standardization of the temperature axis, Figure /lo9 

33 holds true both for germanium transistors and silicon transistors. 

The standardization is undertaken in the following way: 
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where 


TA 


Tmin 


Tmax 


= 	 Environmental tem
perature 

= 	 Lower boundary tem
perature 

= 	 Maximally permissible 
temperature 

temperature T~ 

Fig. 33. Malfunction Rate o f  
Transistors as a Function of 
Standarized Environmental Tem
perature after C881 ,  p. 49. 

function rate for semiconductor 

boundary layer and two contacts 

of possible sources of defects 

case of transistors. 


Chosen as a parameter is the 

loading ratio 


A = 	 actual loading CmWl (11) 
nominal load 

The curve groups of the mal

diodes show lower values. Only a 

are present in diodes; the number 


is, all told, slighter than in the 


The curve groups presented in Figure 32 also resulted after 
E 1 0 5 1  when the physical-chemical model of the Arrhenius formula was 
used as a basis. 

2.3.2.4.2. Mechanical Constructional Units 


The reliability of mechanical constructional units is, in first 

analysis, a problem of choice. of materials (Rossow [73]). Strength 

fatigue strength, creep strength depending on time, among other 

characteristic magnitudes of the material form the bases of the real 

ization of technical ideas in light construction engineering in 

aeronautics. 


Frequently, the principle of redundant placing of the struc

tures is found in precision engineering and in the construction of 

aircraft. 
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3. DEVELOPMENTAL T R E N D S  O F  MALFUNCTIONS RATES 


3.1. Gyros 


D e v e l o p m e n t s  a p p e a r  i n  g y r o  e n g i n e e r i n g  w h i c h  e f f e c t ,  e s p e c i a l - / l l 0  
l y  t h e  b e a r i n g s  s u b j e c t  t o  f r i c t i o n ,  a n  i m p r o v e m e n t  a n d  r e l i a b i l i t y  
i s  e x p e c t e d  f r o m  g a s  m o u n t e d  g y r o s .  F u r t h e r  a d v a n c e d  d e s i g n s  
p r e d i c t  m a g n e t i c  s u p p o r t s  p r o d u c e d  b y  s u p e r  c o n d u c t i v i t y  or e l e c 
t r i c a l l y  m o u n t e d  g y r o s .  

Gas s u p p o r t e d  g y r o s  a r e  a v a i l a b l e  a s  h y d r o d y n a m i c a l l y  or h y d r o 
s t a t i c a l l y  g a s  m o u n t e d  r e a l i z a t i o n s .  

O p t i c a l  g y r o s  ( l a s e r s )  a r e  i n  t h e  p h a s e s  o f  d e v e l o p m e n t .  

M a l f u n c t i o n  r a t e s  o f  g a s  m o u n t e d  g y r o s  a r e  d i f f i c u l t  t o  o b t a i n  
s i n c e  s u c h  g y r o s  a r e  n o t  y e t  e m p l o y e d  i n  c o m m e r i c a l  a v i a t i o n .  
However ,  h y d r o s t a t i c a l l y  a s  w e l l  a s  h y d r o d y n a m i c a l l y  g a s  m o u n t e d  
g y r o s  a r e  i n  u s e  i n  t h e  m i l i t a r y  d o m a i n  a s  w e l l  a s  i n  s p a c e  t r a v e l .  

The f i r m  N o r t r o n i c s  i n d i c a t e d  i n  C951 t w o  v a r i o u s  m a l f u n c t i o n  
r a t e s  f o r  s t a b i l i z e d  p l a t f o r m s  a f t e r  c o m p r e h e n s i v e  f i n d i n g s  w i t h  
g a s  s u p p o r t e d  g y r o s .  The s m a l l e r  m a l f u n c t i o n  r a t e  h o l d s  t r u e  f o r  
a p l a t f o r m  w i t h  g a s  m o u n t e d  g y r o s ,  ( I n t e g r a t i n g  r a t e  g y r o s ) ,  t h e  
l a r g e r  o n e  f o r  t h e  p l a t f o r m  w i t h  b a l l  b e a r i n g  g y r o s  ( c o m p a r e  
2.3.1.1.1.2.). 


h= 417*10d 

762. lod 

I t  i s  known t h a t  t h e  p r e d o m i n a n t  p a r t  o f  t h e  m a l f u n c t i o n  o f  b a l l  
b e a r i n g  g y r o s  c a n  b e  t r a c k e d  b a c k  t o  t h e  s u p p o r t  o f  r o t o r  a n d  f r a m e ,  
s o  i t  a p p e a r s  j u s t i f i e d  t o  a s s u m e  a l o w e r  m a l f u n c t i o n  r a t e  f o r  f r e e  
g a s  m o u n t e d  g y r o s  a s  w e l l .  

I t  seems p o s s i b l e  t h a t  a m a l f u n c t i o n  r a t e  ( w i t h  r a t i o n a l l y  /111 
d i m e n s i o n e d  m a i n t e n a n c e  i n t e r v a l s )  o f  

i s  a t t a i n a b l e .  

3.2. Computer-Amplifiers 


The g r e a t e s t  i m p r o v e m e n t  of a u t o p i l o t  c o n s t r u c t i o n a l  u n i t s  
m i g h t  b e  e x p e c t e d  o f  t h e  c o m p u t e r - a m p l i f i e r s .  T h i s  w o u l d  a l s o  b e  
o f  u r g e n t  i m p o r t  f r o m  t h e  s t a n d p o i n t  o f  s y s t e m s  r e l i a b i l i t y ,  s i n c e  
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t h e s e  c o n s t r u c t i o n a l  c o m p o n e n t s  h a v e  t h e  g r e a t e s t  s h a r e  o f  t h e  t o t a l  
s y s t e m  m a l f u n c t i o n  p r o b a b i l i t y  ( c o m p a r e  T a b l e  4 3 ) .  

The a s s u m p t i o n  o f  a n  e x p e c t e d  r e d u c t i o n  o f  t h e  m a l f u n c t i o n  
r a t e s  o f  c o m p u t e r - a m p l i f i e r s  a p p e a r s  j u s t i f i e d  f o r  t h e  f o l l o w i n g  
r e a s o n ' s  : 

1. D e c r e a s i n g  m a l f u n c t i o n  r a t e s  o f  c o n v e n t i o n a l  e l e c t r o n i c  
c o n s t r u c t i o n a l  u n i t s .  

2 .  E x t e n s i v e  r e p l a c e m e n t s  of c i r c u i t s  o f  i n d i v i d u a l  con
s t r u c t i o n a l  c o m p o n e n t s  b y  i n t e g r a t e d  c i r c u i t s .  

3 .  I n t e r n a l  r e d u n d a n c i e s  i n  t h e  i n s t r u m e n t s .  

.. On 1 a n d  2 ,  c o m p a r e  f u r t h e r  b e l o w  ( 3 . 4 ) .  

3 .  I n t e r n a l  r e d u n d a n c y  d o e s ,  t o  b e  s u r e ,  f i n d  a p p l i c a t i o n  i n  
a s m a l l e r  r a n g e ,  i . e .  i n  i n d i v i d u a l  c r i t i c a l  c o n s t r u c t i o n a l  u n i t s  
i n  t h e  c o m p u t e r - a m p l i f i e r s  c o n s i d e r e d  t o  t h i s  p o i n t .  However ,  o n l y  
i n  t h e  m o s t  r e c e n t  d e v e l o p m e n t  h a s  u s e  b e e n  made t o  a g r e a t e r  e x 
t e n t  o f  i n t e r n a l  r e d u n d a n c y .  T h i s  w a s  made p o s s i b l e  e s p e c i a l l y  by 
t h e  d e c r e a s e  o f  mass a n d  volume o f  t h e  c o n s t r u c t i o n a l  u n i t s  a s 
s o c i a t e d  w i t h  t h e  i n c r e a s i n g  m i c r o - m i n i a t u r i z a t i o n  o f  e l e c t r o n i c s  
([lo61 t o  [llOl>. 

Reliability Increase Sy Means o f  Digital
Control Engineering 

The p r o c e s s i n g  o f  t h e  s i g n a l s  o f  t h e  s e n s o r s  o f  t h e  f l i g h t  
c o n t r o l  s y s t e m  l i k e w i s e  t a k e s  p l a c e  i n  t h e  c o n v e n t i o n a l  manner  i n  
a n  a n a l o g  f o r m  i n  t h e  c o m p u t e r - a m p l i f i e r s .  H e r e ,  A C  a n d  D C  c u r 
r e n t  e n g i n e e r i n g  i s  a p p l i e d .  

G e n e r a l  E l e c t r i c  [113], .Hawkwer-Siddeley-Dynamics [lll] a n d  
E l l i o t  [112] p r o p o s e  for t h e  i m p r o v e m e n t  o f  r e l i a b i l i t y  o f  t h e  
c o m p u t e r - a m p l i f i e r s  i m p u l s e  l e n g t h - m o d u l a t i o n  f o r  d a t a  p r o c e s s i n g .  

/112 


T h e r e  c a n  b e  c i t e d  a s  a n  a d v a n t a g e  o f  s u c h  c o n t r o l  e n g i n e e r i n g :  

The r e l i a b i l i t y  o f  s e m i c o n d u c t o r s ,  e s p e c i a l l y  o f  t r a n s i s t o r s ,  
i s  l a r g e r  i n  a n  a p p l i c a t i o n  a s  s w i t c h e s  t h a n  i n  t h e  c a s e  o f  a p p l i c a 
t i o n  o f  a n a l o g  a m p l i f i e r s .  

S u c h . c i r c u i t s  c a n  b e  o b t a i n e d  a s  i n t e g r a t e d  c i r c u i t s  i n  m i c r o 
m i n i a t u r i z e d  r e a l i z a t i o n  a n d  c a n  b e  r e d u n d a n t l y  i n s t a l l e d  a s  a 
c o n s e q u e n c e  o f  v e r y  s m a l l  d i m e n s i o n s .  

On t h e  w h o l e ,  i t  seems p o s s i b l e  t o  l o w e r  t h e  m a l f u n c t i o n  r a t e s  
o f  c o m p u t e r - a m p l i f i e r s  f o r  f l i g h t  c o n t r o l  s y s t e m s  b y  t h e  f a c t o r  5 
t o  10. 
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3.3. Servomotors 


D e v e l o p m e n t  i n  t h e  ca se  o f  s e r v o m o t o r s  f o r  a i r c r a f t  c o n t r o l s  
shows t e n d e n c i e s  t o w a r d  e l e c t r o h y d r a u l i c  s e r v o m o t o r s ,  s i n c e  t h e  
f o r c e s  n e c e s s a r y  f o r  c o n t r o l  s u r f a c e  a d j u s t m e n t  a r e  b e c o m i n g  
c o n t i n u o u s l y  l a r g e r .  T h e s e  a r e  m u l t i p l y  c o n s t r u c t e d  f o r  r e a s o n s  
o f  r e l i a b i l i t y  and  f e d  by  s e v e r a l  i n d e p e n d e n t  h y d r a u l i c  s y s t e m s  
( t o  d a t e ,  two  s u p p l y  s y s t e m s ) .  The p o w e r - r a t e  r a t i o  i s  more  f a v o r 
a b l e  i n  t h e  ca se  o f  h y d r a u l i c  s e r v o m o t o r s  t h a n  f o r  e l e c t r i c a l  o n e s ;  
h o w e v e r ,  a n  e l e c t r i c a l  s u p p l y  s y s t e m  c a n  a l s o  o f f e r  a d v a n t a g e s  i n  
t h e  ca se  o f  l o n g  s u p p l y  l i n e s  u n d e r  c e r t a i n  c i r c u m s t a n c e s .  From /113 
t h e  s t a n d p o i n t  o f '  r e d u n d a n c y  a n d  c o n t r o l  e n g i n e e r i n g ,  t h e  power -
c o u p l i n g  o f  r e g u l a t e d  q u a n t i t i e s  i n  h y d r a u l i c  m u l t i p l e x  s e r v o m o t o r s  
h a s  c o n s i d e r a b l e  a d v a n t a g e s .  I n  t h i s  a r e a ,  a c e n t r a l  p o i n t  of  
d e v e l o p m e n t a l  a c t i v i t y  i s  f o r m e d ,  w h i c h  w a s  i n i t i a t e d  by  t h e  f i r m s  
Hobson ,  Dowty,  S p e r r y  a n d  H y d r a u l i c  R e s e a r c h  [124, 1 2 5 1 .  

I m p r o v e m e n t s  o f  t h e  p r e s e n t  m a l f u n c t i o n  r a t e s  o f  h y d r a u l i c  
s e r v o m o t o r s  c a n  a l s o  b e  e x p e c t e d  f r o m  i n v e s t i g a t i o n s  i n  t h e  a r e a  
o f  h y d r a u l i c  f l u i d ,  a s  f o r  e x a m p l e ,  on t h e  p r o b l e m  o f  c a v i t a t i o n  
e r o s i o n  C1141. 

3.4. C o n s t r u c t i o n a l  Units 

G r e a t  e f f o r t s  h a v e  b e e n  t a k e n  t o  i m p r o v e  t h e  r e l i a b i l i t y  o f  
c o n s t r u c t i o n a l  c o m p o n e n t s  b o t h  w i t h  r e s p e c t  t o  m a t e r i a l s  a n d  manu
f a c t u r i n g .  The  f o l l o w i n g  c a n  b e  c i t e d  a s  a n  e x a m p l e  f o r  t h e  
d e v e l o p m e n t a l  t r e n d  o f  m a l f u n c t i o n  r a t e s  o f  c o n s t r u c t i o n a l  compo
n e n t s :  

T h r o u g h  s p e c i a l  r e l i a b i l i t y  p r o g r a m s  i n  t h e  U S A ,  s t a n d a r d s  
h a v e  b e e n  e s t a b l i s h e d  f o r  l o w e r  m a l f u n c t i o n  r a t e s  o f  e l e c t r o n i c  
c o n s t r u c t i o n a l  c o m p o n e n t s  f o r  t h e  P o l a r i s ,  Minuteman P r o g r a m s ,  a s  
w e l l  a s  f o r  t h e  s p a c e  p r o g r a m s  s u c h  a s  M e r c u r y ,  G e m i n i ,  A p o l l o .  
I n  t h e  p r e p a r a t i o n  o f  i n s t r u m e n t s  for t h e s e  p r o g r a m s ,  o n l y  c o n 
s t r u c t i o n a l  c o m p o n e n t s  may b e  employed  w h i c h  f u l f i l l  t h e  s e t  
s t a n d a r d s .  The s t a n d a r d s  a r e  p r e s e n t e d  i n  F i g u r e  3 4  C1151. 

The p r e c i s e ,  s p e c i f i e d  s t a n d a r d s  for t h e  Minuteman p r o g r a m  
c a n ,  f o r  e x a m p l e ,  b e  t a k e n  f r o m  t h e  MIL-Handbook 2 1 7 ,  [ 8 8 ] ,  p .  1 6 9 .  

A new r e l i a b i l i t y  p r o g r a m  w i t h  f u r t h e r  h e i g h t e d  d e m a n d s ,  /114 
e s p e c i a l l y  f o r  s e m i c o n d u c t o r  c o n s t r u c t i o n a l  c o m p o n e n t s  a r e  t h e  
J A N - T X - s p e c i f i c a t i o n s  o f  t h e  a v i a t i o n  i n d u s t r y  f o r  t h e  e q u i p m e n t  
of  t h e  a i r c r a f t  F-111 C l l 6 1 .  

I n t e g r a t e d  c i r c u i t s  w i l l  h a v e  e s p e c i a l  i n f l u e n c e  on  t h e  r e l i a 
b i l i t y  o f  a v i a t i o n  a n d  s p a c e  e l e c t r o n i c s .  T h e s e  a s s u m p t i o n s  a r e  
s u p p o r t e d  on t h e  f o l l o w i n g  p o i n t s :  

1. The  number  o f  s o l d e r e d  s p o t s  i n  c i r c u i t s  i s  l o w e r e d  by 
more  t h a n  o n e  o r d e r  o f  m a g n i t u d e .  
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Fig. 34. Standards for Malfunction Rates for Various US Programs. 


2. Thermal-mechanical influences, which can develop forces, /115 

do not come to expression as a consequence of the integrated 

positioning of the constructional components onto carriers of good 

heat conductivity. 


3. The sealing of the integrated circuit prevents corrosion 

processes, even in the presence of an aggressive atmosphere. 


4. Internal redundancies are possible to a larger extent 

through a decrease of mass and volume. 


After Reference [117], the malfunction rates ,of integrated 

circuits lie at 
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4. CRITICAL OBSERVATION OF T H E  MALFUNCTION PROBABILITIES O F  

CURRENT FLIGHT CONTROL SYSTEMS AND RECENTLY PUBLISHED PROPOSALS 


4.1. On The Calculation of Malfunction Probabilities" With 

No Malfunction Rates 


The m a l f u n c t i o n  p r o b a b i l i t y  9 i s  d e f i n e d  as  t h e  p r o b a b i l i t y  
c o m p l e m e n t a r y  t o  t h e  s u r v i v a l  p r o b a b i l i t y  5 ( R e l i a b i l i t y ) .  T h e r e  
t h e r e f o r e  h o l d s  t r u e  

R + Q =  1 
( 1 2 )  

The f o l l o w i n g  c o n t e x t  r e s u l t s  f r o m  t h e  d e f i n i t i o n  o f  t h e  m a l . 
f u n c t i o n  r a t e  h ( t )  ( c o m p a r e  s e c t i o n  2 . 1 . 2 : l )  a n d  o f  t h e  r e l i a b i l i t y :  

I f  t h e  m a l f u n c t i o n  r a t e  c a n  b e  r e g a r d e d  i n  f i r s t  a p p r o x i m a t i o n  
as  c o n s t a n t ,  i . e .  

h(t) A cast .  

t h e r e  r e s u l t s  for t h e  r e l i a b i l i t y  t h e  known e x p o n e n t i a l  r e l a t i o n  

R = e  - Xt 

t h e r e  t h e n  h o l d s  t r u e  for t h e  m a l f u n c t i o n  p r o b a b i l i t y  -Q 

Q = 1 - (15) 

The t i m e  c o n s t a n t  T o f  t h e  e x p o n e n t i a l  f u n c t i o n  i s  t h e  r e c i p r o c a l  /116 
v a l u e  o f  t h e  m a l f u n c t i o n  r a t e  

1T =  i, 

"Compare t o  t h i s  s e c t i o n  t h e  p e r t i n e n t  b o o k s  a n d  p u b l i c a t i o n s  on  
t h e  t h e o r y  o f  p r o b a b i l i t y ,  on  t h e  t h e o r y  of t e c h n i c a l  r e l i a b i l i t y  
R e f e r e n c e s  [ 7 4 - 8 2 3 ,  a s  w e l l  a s  t h e  a p p e n d i x  o f  [ 4 5 ] .  
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t h i s  i s  f r e q u e n t l y  d e s i g n a t e d  a s  MTBF (Mean T i m e  Be tween  F a i l u r e s ) .  

The d e s i g n a t i o n  (MTBF i s  d e r i v e d  f r o m  t h e  e x p e r i m e n t a l  d e t e r m i 
n a t i o n  o f  t h i s  m a g n i t u d e ,  w h e r e  i t  i s  o b t a i n e d  as  t h e  sum o f  o p e r a 
t i o n a l  t i m e s  d i v i d e d  b y  t h e  number  o f  m a l f u n c t i o n s .  

The  f u n c t i o n s  -R a n d  -Q c a n  t h e n  b e  w r i t t e n  i n  t h e  f o l l o w i n g  w a y  

- t  
R =  e T  (17) 

- t  
Q =  1 - e T  (18) 

The c o u r s e  o f  t h e s e  f u n c t i o n s  i s  p r e s e n t e d  i n  F i g u r e  3 5 .  

The s u r v i v a l  p r o b a b i l i t y  a m o u n t s  t o  i n  t h e  i n t e r v a l  t = T 

The m a l f u n c t i o n  p r o b a b i l i t y  -Q 

Q = 0,63 = 63% 

M o r e o v e r ,  t h e  f o l l o w i n g  a p p r o x i m a t i o n  h o l d s  t r u e  a s  a r e s u l t  o f  t h e  
known e x p a n s i o n  i n  a s e r i e s  o f  t h e  f u n c t i o n  e f o r  s m a l l  -x - X  

R s 1  -ht 
Qr'U 

4.2. Malfunction Probabilities o f  Flight Control Systems 

Two p o s s i b i l i t i e s  come i n t o  q u e s t i o n  f o r  t h e  c a l c u l a t i o n  o f  
t h e  m a l f u n c t i o n  p r o b a b i l i t i e s  o f  a u t o p i l o t s :  

1. If  t h e  m a l f u n c t i o n  r a t e  o f  t h e  s y s t e m  i n  q u e s t i o n  i s  known,  
t h e n  t h e  c a l c u l a t i o n  o f  t h e  m a l f u n c t i o n  p r o b a b i l i t y  f r o m  i t  i s  
p o s s i b l e .  

2 .  I f  t h e  m a l f u n c t i o n  r a t e  o f  t h e  s y s t e m  i s  n o t  known,  t h e n  
a n  a t t e m p t  c a n  b e  m a d e ,  b a s e d  on  t y p i c a l  v a l u e s  o f  t h e  m a l f u n c t i o n  
r a t e s  o f  a s s e m b l i e s  a s  t h e y  h a v e  r e s u l t e d  f r o m  2 . 3 ,  t o  e s t i m a t e  t h e  
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m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  s y s t e m  b a s e d  on  t y p i c a l  c o n s t r u c t i o n a l  
d e s i g n s .  /118 

The c a l c u l a t i o n  i s  e s p e c i a l l y  s i m p l e  i n  t h e  ca se  o f  n o n - r e d u n 
d a n t  s y s t e m s  a s  a r e s u l t  o f  t h e  r e l a t i o n  

Q = I  - e  -at  


Q - %t ( 2 0 )  


The p r o b a b i l i t y  f o r  t h e  e v e n t u a l i t y  t h a t  a m a l f u n c t i o n  w i l l  
o c c u r  d u r i n g  t h e  o p e r a t i o n a l  t i m e  ( o f  a f l i g h t )  o f  o n e  h o u r  ( t  = 1) 
i s  t h e n  n u m e r i c a l l y  e q u a l  t o  t h e  m a l f u n c t i o n  r a t e  A .  

Wi th  r e d u n d a n t  s y s t e m s ,  t h e  c a l c u l a t i o n  o f  t h e  t o t a l  m a l f u n c 
t i o n  p r o b a b i l i t y  m u s t  b e  u n d e r t a k e n  f r o m  t h e  m a l f u n c t i o n  p r o b a b i l i 
t i e s  o f  t h e  a s s e m b l i e s  w h i c h ,  f o r  t h e i r  p a r t ,  c a n  b e  d e t e r m i n e d  
f r o m  m a l f u n c t i o n  r a t e s  o f  a s s e m b l i e s  ( c o m p a r e  S e c t i o n  5 . 2 ) .  

First Generation 


Autopilot K 4u  and K 1 2  (Siemens) 

The e s t i m a t i o n  o f  t h e  m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e s e  a u t o 
p i l o t s  y i e l d e d  f o r  s i n g l e  a x i s  ( c o u r s e  c o n t r o l )  

Q = 1.1.10-3 

Autopilot Lstz 14 (Askania - Werke) /119 

The e s t i m a t i o n  o f  t h e  m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  c o u r s e  
c o n t r o l  a l l o w s  t o  a p p e a r  p l a u s i b l e  a v a l u e  o f  

Autopilot A - 2  (Sperry) 

The e s t i m a t i o n  o f  t h e  m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  a u t o 
p i l o t  ( 3  A x e s )  b a s e d  o n  t h e  t y p i c a l  m a l f u n c t i o n  r a t e s  o f  a u t o p i l o t  
a s s e m b l i e s  r e s u l t e d  i n  a v a l u e  o f  

Q = 2 3  .IO-? t 

The m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  a u t o p i l o t s  o f  t h e  f i r s t  
g e n e r a t i o n  r e p r e s e n t  o n l y  c r u d e  a p p r o x i m a t i o n s ,  s i n c e  d a t a  f r o m  t h e  
f l i g h t  o p e r a t i o n  o f  t h e s e  a u t o p i l o t s  w e r e  n o t  a v a i l a b l e  a n d ,  ac
c o r d i n g l y ,  m a l f u n c t i o n  r a t e s  h a d  t o  b e  b a s e d  on  t h e  p r e s e n t  s t a t e  
o f  e n g i n e e r i n g .  T h e s e  v a l u e s  w e r e  i n v e s t i g a t e d  f o r  t h e  p u r p o s e  o f  
c o m p a r i s o n  w i t h  t h e  m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  p r e s e n t ,  much 
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more  c o m p l e x  a u t o p i l o t s .  

Second  a n d  T h i r d  G e n e r a t i o n s  

I t  i s  a m a t t e r  i n  a l l  a u t o p i l o t s  i n  t h e  s e c o n d  a n d  t h i r d  
g e n e r a t i o n s  o f  known r e d u n d a n t  s y s t e m s .  The m a l f u n c t i o n  p r o b a b i l i 
t i e s  a r e ,  a f t e r  ( 2 0 ) ,  e q u a l  t o  t h e  c o r r e s p o n d i n g  m a l f u n c t i o n  r a t e s  
w h i c h  a r e  c o m p i l e d  i n  2 . 2 . 2  f o r  o n e  h o u r  o f  f l i g h t  t i m e .  

F o u r t h  G e n e r a t i o n  

M a l f u n c t i o n  P r o b a b i l i t y  o f  t h e  VC-10 A u t o p i l o t  ( E l l i o t )  

The s y s t e m  c o n s i s t s  o f  t w o  c o m p l e t e l y  s e p a r a t e  a u t o p i l o t s  
( C o n t r o l l e r  1 a n d  C o n t r o l l e r  2 ) ,  whose  i n d i v i d u a l  a s s e m b l i e s  a r e  
m o n i t o r e d  b y  c o n t r o l  a s s e m b l i e s .  I f  a d i f f e r e n c e  b e t w e e n  o r i g i n a l  
a s s e m b l y  a n d  c o n t r o l  a s s e m b l y  a p p e a r s  , w h i c h  i s  d e t e r m i n e d  i n  t h e  
c o m p a r i s o n  m o n i t o r ,  c o n t r o l l e r  1 i s  s h u t  down a n d  t h i s  i s  i n d i c a t e d  
t o  t h e  p i l o t  b y  a w a r n i n g  l i g h t .  The p i l o t  c a n  t h e n  s w i t c h  on  
c o n t r o l l e r  2 w i t h  t h e  c o n t r o l  u n i t  ( d u a l  c o n t r o l l e r ) .  ( P r o v i s i o n  
is made f o r  a u t o m a t i c  s w i t c h i n g ) .  The f o l l o w i n g  a s s u m p t i o n  c a n  b e  
nade a s  a m a l f u n c t i o n  c r i t e r i o n :  /120 

S y s t e m s  m a l f u n c t i o n  a p p e a r s  i f  c o n t r o l l e r  1 a n d  c o n t r o l l e r  2 ,  
>r c o n t r o l l e r  1 a n d  c o n t r o l  u n i t  ( r e s p  t h e  a u t o m a t i c  s w i t c h i n g )  
~ e c o m ei n o p e r a t i v e  i n  t h e  t e m p o r a l  i n t e r v a l  u n d e r  c o n s i d e r a t i o n .  
' r o b a b i l i t y  f o r  t h i s  a m o u n t s  t o  

H e r e ,  m a l f u n c t i o n  p r o b a b i l i t y  o f  o n e  c o n t r o l l e r :  q1  = q2  = q ,  q s s =  
m a l f u n c t i o n  p r o b a b i l i t y  o f  c o n t r o l  u n i t s .  

P r e s u p p o s e d  i s  t h a t  t h e  p i l o t  c o m p r e h e n d s  t h e  w a r n i n g  o f  t h e  
m o n i t o r  a n d  s w i t c h e s  i n  t i m e ,  i . e .  p o s s e s s e s  a r e l i a b i l i t y  o f  1 . 0 0  
h i m s e l f .  T h e s e  p r o b a b i l i t i e s  f o r  o n e  h o u r  come o u t  t o ,  w i t h  t h e  
m a l f u n c t i o n  r a t e s  o f  t h e  s y s t e m  a f t e r  T a b l e  1 9  

q = 3,091 10-3 

%=%a5 IO-3 

The m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  e n t i r e  c o n t r o l l e r  t h u s  
a m o u n t s  t o  w i t h i n  o n e  h o u r  
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Malfunct ion  P r o b a b i l i t y  o f  t h e  F l i g h t  C o n t r o l  Systems S E P 5  
( S m i t h s )  f o r  t h e  H.S .  T r i d e n t  a n d  S h o r t  B e l f a s t  

A u t o p i l o t  o f  t h e  T r i d e n t  

The a u t o p i l o t  i n  t h e  a i r c r a f t  H . S .  T r i d e n t  i s  c u r r e n t l y  i n 
s t a l l e d  i n  t h e  s o - c a l l e d  d u p l e x  v e r s i o n  c118, 1191. A p r e - s t a g e  
o f  a u t o n a t i c  l a n d i n g ,  t ' A u - t o - F l a r e t t  c a n  b e  c a r r i e d  o u t .  The d u p l e x  
e x e c u t i o n  o f  t h e  f l i g h t  c o n t r o l  s y s t e m  c o n s i s t s  o f  two c o m p l e t e l y  
i n d e p e n d e n t  c o n t r o l l e r s ,  c o n s i s t i n g  of s e n s o r s ,  a m p l i f i e r - c o m p u t e r s ,  
a n d  s e r v o m o t o r s .  The o u t p u t s  of t h e  t w o  s e r v o m o t o r s  of a n y  o n e  
c o n t r o l  c h a n n e l  d o  h o w e v e r ,  f u n c t i o n  on  o n e  common, s p e c i a l  o u t p u t  
d r i v e  w h i c h  i s  e q u i p p e d  w i t h  c l u t c h e s  i n  s u c h  a way t h a t  t h e  e n t i r e  
a u t o p i l o t  i s  s w i t c h e d  o f f  a n d  s i m u l t a n e o u s l y  a w a r n i n g  l i g h t  i s  
p u t  i n t o  o p e r a t i o n  i n  t h e  c a s e  of e x c e s s  o f  a t o r q u e  d i f f e r e n c e  
b e t w e e n  t h e  t w o  c o n t r o l  c h a n n e l s ,  a s  t a k e s  p l a c e  i n  t h e  m a l f u n c t i o n  
o f  o n e  c h a n n e l .  T h i s  s p e c i a l  a s s e m b l y  i s  p r e s e n t e d  ip F i g u r e  3 6  /121 
( a f t e r  R e f e r s n c e  [1203). 

Fig. 3 6 .  T o r q u e  C o m p a r i s o n  U n i t  of t h e  S e r v o m o t o r s  o f  a D u p l e x  -
C h a n n e l  o f  t h e  SEP-5 ( P r i n c i p a l  S k e t c h )  f r o m  R e f e r e n c e  [120]. 

From t h e  s t a n d p o i n t  o f  o p e ~ a t i o n a lr e l i a b i l i t y ,  s u c h  a n  a r r a n g e 
m e n t  m e a n s ,  h o w e v e r ,  a d e t e r i o r a t i o n  a s  o p p o s e d  t o  a s i m p l e  f l i g h t  
c o n t r o l  s y s t e m ,  s i n c e  a d i f f e r e n t i a t i o n  i n  t e r m s  o f  whtch  o f  t h e  
t w o  c h a n n e l s  i s  d e f e c t i v e  i s  n o t  p o s s i b l e .  Also, t h e  m a l f u n c t i o n  
p r o b a b i l i t y  a n d  m a l f u n c t i o n  r a t e  of t h e  s y s t e m  i s  i n c r e a s e d  b y  t h e  
f a c t o r  t w o ,  s i n c e  a s y s t e m s  m a l f u n c t i o n  o c c u r s  when o n e  or t h e  
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o t h e r  f a i l s .  T h e r e  f o l l o w s  f r o m  t h a t  Q D  = 2 , w h e r e b y  Q D  = m a l 
f u n c t i o n  p r o b a b i l i t y  o f  t h e  s y s t e m  ( d u p l e x ]  ,'q = m a l f u n c t i o n  
p r o b a b i l i t y  o f  t h e  s i m p l e  c o n t r o l l e r .  

The r e a s o n  f o p  - the  c h o i c e  o f  a d u p l e x - s y s t e m s  c o n f i g u r a t i o n  / 1 2 2  
o f  t h e  S E P - 5  l i e s  i n  t h e  i n c r e a s e  o f  f l i g h t  s a f e t y .  

1. With  t h e  O c c u r r e n c e  o f  a d e f e c t  i n  o n e  o f  t h e  t w o  c h a n n e l s ,  
t h e  m a l f u n c t i o n  o f  t h e  e n t i r e  s y s t e m  c a n  b e  r e c o g n i z e d  a n d  i n d i c a t e d  
t o  t h e  p i l o t  by  t h e  c o m p a r i s o n  u n i t ,  s o  t h a t  a m a n u a l  . c o n t r o l  o f  
t h e  a i r c r a f t  can b e  u n d e r t a k e n .  

2 .  I n  t h i s  way,  a m a l f u n c t i o n  of t h e  s y s t e m  a s  a s h o r t  c i r c u i t  
is a v o i d e d  w i t h  c e r t a i n t y  s i n c e  t h e  c o n t r o l l e r  i s  a u t o m a t i c a l l y  
s e p a r a t e d  f r o m  t h e  c o n t r o l  s u r f a c e s  by  t h e  c l u t c h e s .  

A u t o p i l o t  SEP-5 a s  a T r i p l e x - V e r s i o n  i n  t h e  
S h o r t  B e l f a s t  C1211  

A power  c l u t c h  f r o m  t h r e e  i n d e p e n d e n t  c o n t r o l  c h a n n e l s  i n  a 
t r i p l e x  e l - e c t r o  h y d r a u l i c  s e r v o  motor i s  u n d e r t a k e n  i n  a t r i p l e x  
v e r s i o n  of  t h e  SEP-5 ( c o m p a r e  S e c t i o n  6 . 1  c134, 1251). M a l f u n c t i o n  
o f  o n e  o f  t h e  t h r e e  c h a n n e l s  c a n  b e  s u r v i v e d  by t h e  s y s t e m  
( m a j o r i t y  r e d u n d a n c y ) .  The m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  t r i p l e x  
s y s t e m  QT i s  s m a l l e r  t h a n  t h a t  o f  t h e  s i m p l e  s y s t e m  -Q ( c o m p a r e  
S e c t i o n  5 - 5 . 3  C 2 8 1 ) .  

From t h e  s t a n d p o i n t  of t h e  f r e e d o m  f o r  r e p a i r ,  on  t h e  o t h e r  h a n d ,  
t h e  p r o b a b i l i t y  i s  QR t h a t  t h e  s y s t e m  w i l l .  become i n  n e e d  of re
p a i r ,  i . e .  t h a t  o n e  o f  t h e  t h r e e  c o n t r o l l e r s  w i l l  become d e f e c t i v e .  
QR = 3 q  i s  t h r e e  t i m e s  a s  l a r g e  a s  i n  a s i m p l e  s y s t e m .  

The  c o n v e r s i o n  o f  t h e  c u r r e n t l y  i n s t a l l e d  d u p l e x  s y s t e m  i n  t h e  
T r i d e n t  i n t o  t h e  t r i p l e x  s y s t e m  is p r o v i d e d  fo i l  a t  a l a t e r  d a t e  i n  
o r d e r  t o  o b t a i n  t h e  p e p m i s s i o n  of  t h e  c o m p e t e n t  a u t h o r i t i e s  f o r  
a u t o m a t i c  l a n d i n g s  ("Auto-Land" : )  i n  s c h e d u l e d  l i n e  s e r v i c e .  

E s t i m a t i o n  o f  t h e  M a l f u n c t i o n  P r o b a b i l i t y  o f  t h e  S E P - 5  

S i n c e  m a l f u n c t i o n  r a t e s  o f  t h e  S E P - 5  were n o t  a v a i l a b l e ,  t h e  
m a l f u n c t i o n  p r o b a b i l i t y  c a n  o n l y  b e  e s t L m a t e d .  If o n e  a s s u m e s  as  
t h e  m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  s i m p l e r  c o n t r o l l e r  p e r  a x i s  
( R o l l  R P i t c h  A x i s )  a t y p i c a l  v a l u e  o f  

for one  h o u r ,  t h e  m a l f u n c t i o n  p r o b a b i l i t y  of a t r i p l e x  a x i s  becomes  / 1 2 3  
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( m a j o r i t y  r e d u n d a n c y  p r e s u p p o s e d ,  c o m p a r e  S e c t i o n  5 . 5 . 3 )  

For t h e  e n t i r e  c o n t r o l l e r  (Roll a n d  P i t c h  A x i s )  w i t h  n e g l e c t  o f  t h e  
yaw damper  

= 13.5 - 10d*t2
QT 

The m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  d u p l e x  v e r s i o n  o f  t h e  SEP-5 
w o u l d ,  h o w e v e r ,  b e ,  a s  o p p o s e d  t o  t h a t  

Autopilot MH-123 (Honeywell) for the Jet VTOL-Aircraft VJ-101 ( E W R )  

S i n c e  a f l i g h t  c o n t r o l  by t h e  p i l o t  d i d  n o t  seem p o s s i b l e  i n  
t h e  c a s e  o f  t h i s  j e t  V T O L - A i r c r a f t  i n  t h e  v e r t i c a l  f l i g h t  p h a s e ,  
t h e  f l i g h t  c o n t r o l  s y s t e m  s h o u l d  show a n  e s p e c i a l l y  h i g h  r e l i a b i l i t y .  

H o n e y w e l l  u s e d  i n  t h e  h o v e r  a u t o p i l o t  MH-123 for t h e  a i r c r a f t  
V J  101 C 1 r e d u n d a n c y  for r o l l  a n d  p i t c h  a x i s .  B o t h  c h a n n e l s  a r e  
d o u b l e d ,  t h e  p o s i t i o n  r e f e r e n c e  i s  g i v e n  b y  t h r e e  v e r t i c a l  g y r o s .  

A c c o r d i n g  t o  d a t a  o f  t h e  m a n u f a c t u r e r ,  t h e r e  r e s u l t s ,  b a s e d  
on  a r e l i a b i l i t y  a n a l y s i s  [92], a m a l f u n c t i o n  p r o b a b i l i t y  of t h e  
p o s i t i o n  g y r o  f o r  t h e  r e d u n d a n t  r o l l - r e s p  p i t c h  a x i s  f o r  o n e  h o u r  

q-361  - lo4 

For t h e  n o n - r e d u n d a n t  yaw a x i s  t h e  v a l u e  a m o u n t s  t o  

For t h e  e n t i r e  f l i g h t  c o n t r o l  s y s t e m ,  w h i c h  c o n t a i n s ,  a s i d e  
f r o m  t h e  c i t e d  p o s i t i o n  c o n t r o l  for p i t c h  a n d  r o l l  a x i s  f o r  h o v e r  
f l i g h t ,  d a m p i n g  c o n t r o l s  f o r  a e r o d y n a m i c  f l i g h t ,  a m a l f u n c t i o n  

Qp r o b a b i l i t y  - i s  y i e l d e d :  

P i t c h  A x i s  ( P o s i t i o n  a n d  Damping C o n t r o l )  q = 579-10-6 / I 2 4  
1 1  11  11  I 1R o l l  A x i s  ( q = 579 

Y a w  A x i s  (Damping C o n t r o l )  q = 345  
P r o p u l s i o n - U n i t  C o n t r o l  - q = 399 

6 

T o t a l  Q = 1 9 0 2 * 1 0 -

M a l f u n c t i o n  p r o b a b i l i t i e s  o f  p r o p o s a l s  f o r  t r i p l e x  r e d u n d a n t  h o v e r  
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a u t o p i l o t s .  

The  m a l f u n c t i o n  p r o b a b i l i t i e s  o f  v a r i o u s  p r o p o s a l s  f o r  r e 
d u n d a n t  h o v e r  a u t o p i l o t s  ( F l u g g e r a t e w e r k  B o d e n s e e ,  H a w k e r - S i d d e l e y  
D y n a m i c s ,  E l l i o t  B r o s . ,  S m i t h s  Av. D i v . )  w e r e  i n v e s t i g a t e d  by  
R i j s s g e r  a n d  t h i s  a u t h o r  c 4 5 1 .  

T h e r e ,  t h e  f o l l o w i n g  m a l f u n c t i o n  p r o b a b i l i t i e s  were  a s c e r t a i n e d  
f o r  o n e  h o u r  a n d  o n e  c o n t r o l  a x i s  

0.9 - lL4< Q < 5 7  IO* 

I n  a f e w  p r o p o s a l s ,  i n  w h i c h  t h e  yaw c o n t r o l  w a s  n o t  t o  b e  m u l t i 
p l i e d ,  t h e s e  r e s u l t e d  i n  

I f  o n e  p r e s u p p o s e s  r e d u n d a n c y  f o r  a l l  t h r e e  c o n t r o l l e d  a x e s ,  t h e r e  
r e s u l t e d  f o r  s y s t e m s  m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  o r d e r  

I t  m u s t  b e  c o n s i d e r e d  t h a t  w i t h  t h e s e  r e l a t i v e l y  s m a l l  v a l u e s  
s e n s o r s  f o r  t h e  s t e e r i n g  c o n t r o l  c i r c u i t  r e s p .  t h e i r  p r o b a b i l i t i e s  
w e r e  n o t  c o n s i d e r e d  s i n c e  t h e  p r o p o s a l s  comprehended  o n l y  p u r e  
s t a b i l i z a t i o n  c o n t r o l s .  

M a l f u n c t i o n  P r o b a b i l i t i e s  o f  t h e  F u r t h e r  R e d u n d a n t  
S y s t e m s  a n d  P r o p o s a l s  

Dup lex  S y s t e m s  

D u p l e x  s y s t e m s  o f f e r  no  a d v a n t a g e s  o v e r  a s i m p l e  s y s t e m  f r o m  
t h e  s t a n d p o i n t  o f  r e l i a b i l i t y  b e c a u s e  o f  t h e  p r i n c i p a l  i n a b i l i t y  
t o  d i s t i n g u i s h  w h i c h  o f  t h e  c o m p a r a b l e  c o m p o n e n t s  i s  d e f e c t i v e .  
I f  a d e f e c t  a p p e a r s ,  o n l y  t h e  e n t i r e  f l i g h t  c o n t r o l  s y s t e m  c a n  b e  / 1 2 5  
s w i t c h e d  o f f .  Through  t h i s ,  a d v a n t a g e s  r e s u l t  f r o m  t h e  s t a n d p o i n t  
o f  f l i g h t  s a f e t y ,  t h a t  i n  t h i s  way t h e  t r i m ,  s t a b l e  f l i g h t  c o n 
d i t i o n  r e m a i n s  p r e s e r v e d  a n d  b l a n k  s i g n a l s  c a n n o t  a p p e a r .  

C o m p a r i s o n  o f  t h e  two s i g n a l  c h a i n s  c a n  t a k e  p l a c e  i n  v a r i o u s  
w a y s .  

S m i t h s  (SEP-5 D u p l e x - V e r s i o n )  u s e s  a s p e c i a l  m e c h a n i c a l  a s 
s e m b l y  ( F i g .  3 6 ) .  S p e r r y  C381 u s e s  t h e  r o t a t i o n  o f  a d i f f e r e n t i a l  
l e v e r  for t h e  a c t i v a t i o n  o f  a c l u t c h  s w i t c h .  

The  m a l f u n c t i o n  p r o b a b i l i t y  o f  s u c h  s y s t e m s  h a s  a l r e a d y  b e e n  
i n d i c a t e d  i n  t h e  c a l c u l a t i o n  of t h e  S E P - 5 .  I t  a m o u n t s  t o  
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: .e. i s  t w i c e  a s  l a r g e  a s  t h e  m a l f u n c t i o n  p r o b a b i l i t y  q o f  t h e  
s i m p l e  s y s t e m ,  s i n c e  m a l f u n c t i o n  i n  o n e  c h a n n e l  or t h e - o t h e r  
c h a n n e l  r e a d s  t o  a m a l f u n c t i o n  o f  t h e  s y s t e m .  

I t  m u s t  b e  n o t e d  t h a t  f r e q u e n t l y  q u a d r u p l e x  s y s t e m s  a r e  c h a r 
a c t e r i z e d  a s  d u p l e x  s y s t e m s .  ( V C - 1 0 - R e g u l a t o r  ( E l l i o t )  i s  d e s i g 
n a t e d  a s  " d u p l i c a t e d  m o n i t o r e d " ) .  The  a s s e m b l i e s  w h i c h  p e r m i t  a 
c o m p a r i s o n  o f  t h e  c o n t r o l  s i g n a l s ,  a r e  t h e n  n o t  c o u n t e d  i n  t h i s  
c a s e .  

T r i p l e x  S y s t e m s  

The s i m p l e s t  p o s s i b i l i t y  of s u r v i v i n g  a m a l f u n c t i o n  i s  pro
v i d e d  by  a t r i p l e x  r e d u n d a n t  s e t u p .  V a r i o u s  c o n s t r u c t i o n a l  
p o s s i b i l i t i e s  ( c o m p a r e  6 . f f )  e x i s t  for t h e  t e c h n i c a l  r e a l i z a t i o n ,  
w h i c h ,  i n  g e n e r a l ,  demand s p e c i a l  a s s e m b l i e s .  T h e s e  p o s s i b . i l i t i e s  
d o ,  h o w e v e r ,  n o t  d i s t i n g u i s h  t h e m s e l v e s  fr>om t h e  s t a n d p o i n t  o f  
r e l i a b i l i t y .  

I t  i s  common t o  a l l  t r i p l e x  s y s t e m s  t h a t ,  a t  b e s t ,  a m a l f u n c 
t i o n  c a n  b e  s u r v i v e d  ( p r i n c i p a l  o f  m a j o r i t y  r e d u n d a n c y ) .  The ma l 
f u n c t i o n  p r o b a b i l i t y  o f  s u c h  s y s t e m s  h a s  a l r e a d y  b e e n  c o n s i d e r e d  
i n  t h e  c a s e  o f  S E P - 5 .  

Q u a d r u p l  ex S y s t e m s  / 1 2 6  

srskm I 

A q u a d r u p l e x  s y s t e m  i s  
f o r m e d  i n  s u c h  a way f r o m ,  i n  
e a c h  c a s e ,  two  p a i r s  o f  s e n s o r s ,  
c o m p u t e r - a m p l i f i e r s  t h a t  a ma l 
f u n c t i o n  i n  o n e  p a i r  effec-rrs a 
s w i t c h i n g  - o v e r  t o  t h e  o t h e r  
d o u b l e d  s y s t e m .  T h i s  p r i n c i p a l  
f i n d s  a p p l i c a t i o n  i n  a v a r i e d  
f o r m  i n  t h e  p r o p o s a l s  of t h e  
f i r m  E l l i o t  [ 3 5 1 .  

S e n s o r  T I  
A m a l f u n c t i o n  p r o b a b i l i t y  

o f  s u c h  a s y s t e m s  c o n f i g u r a t i o n  
F i g .  3 7 .  Q u a d r u p l e x  S y s t e m s  C 3 5 1  c a n  b e  e s t i m a t e d  u n d e r  n e g l e c t  

of  t h e  s w i t c h i n g  u n i t .  For 
t h e  d o u b l e  b r a n c h  q -I- = 2 q .  For a n  a x i s  91 = (2s ) '  = 4 q 2 .  For t h e  
s y s t e m  (Roll a n d  P i t c h  A x i s )  Q = 2 q l .  

Exa.mple : 

I f  o n e  s e t s  a s  a n u m e r i c a l  v a l u e  t h e  m a l f u n c t i o n  p r o b a b i l i t y  / 1 2 7  
of a s i m p l e  c o n t r o l  c h a n n e l  w i t h  
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t h e  r e s u l t s  f o r  a q u a d r u p l e x  s y s t e m  

Systems with R e d u n d a n t  Assemblies 


P r o p o s a l s  h a v e  b e e n  made f o r  c o n s t r u c t i n g  a u t o p i l o t s  w i t h  
t r i p l e x  r e d u n d a n t  a s s e m b l i e s .  A s  a n  e x a m p l e ,  t h e  p r o p o s a l  f o r  a n  
a u t o p i l o t  made b y  t h e  V e r e i n i g t e  F l u g t e c h n i s c h e  Flerlte, Bremen may 
b e  c o n s i d e r e d  C25,  2 6 1 .  

I n  t h e  p r o p o s e d  s y s t e m ,  i t  i s  a m a t t e r  o f  a p o s i t i o n  s t a b i l i z a 
t i o n  c o n t r o l  f o s  p i t c h  a n d  roll a x i s ,  i n  t h e  c a s e  o f  w h i c h  t h e  
s e n s o r s  ( v e r t i c a l  g y r o s )  a n d  t h e  a m p l i f i e r s  a r e  p r e s e n t  i n  t r i p l e x  
w i t h i n  a c o n t r o l l e d  g y r o s )  a n d  t h e  a m p l i f i e r s  a r e  p r e s e n t  i n  t r i p l e x  
w i t h i n  a c o n t r o l l e d  a x i s .  T h i s  a n d  a s e c o n d  i n t a c t  c h a n n e l  a r e  
s e p a r a t e d  by a m o n i t o r  a n d  s w i t c h i n g  u n i t  i n  t h e  c a s e  o f  m a l f u n c t i o n  
o f  a g y r o  or a n  a m p l i f i e r .  The s e c o n d  m a l f u n c t i o n  w o u l d  l e a d  t o  
t h e  m a l f u n c t i o n  o f  t h e  e n t i r e  c o n t r o l  a x i s .  A s e c o n d  m a l f u n c t i o n  
c a n  b e  s u r v i v e d  by t h e  i n t r o d u c t i o n  of a s e c o n d  s w i t c h i n g  l o g i c .  
w h i c h ,  t o  b e  sure, m u s t  b e  m a n u a l l y  o p e r a t e d  b y  t h e  p i l o t .  A more  
p r e c i s e  d e s c r i p t i o n  o f  t h e  s y s t e m  i s  g i v e n  i n  [ 2 5 1  a n d  [ 2 6 ] .  I n  
[ 2 6 ]  a n  i n v e s t i g a t i o n  o f  t h e  r e l i a b i l i t y  of t h e  s y s t e m  h a s  b e e n  
p e r f o r m e d .  I n  t h e  i n t e r e s t s  o f  a u n i f i e d  j u d g e m e n t ,  t h e  t h e r e - f o u n d  
r e s u l t s  c a n ,  h o w e v e r  n o t  b e  a c c e p t e d  s i n c e  t h e y  w e r e  m a d e ,  i n  p a r t ,  
a f t e r  a l i g h t l y  d e . v i a t i n g  b a s i s  o f  c a l c u l a t i o n ,  i n  p a r t ,  on  t h e  
a s s u m p t i o n  o f  a s t r o n g l y  d e v i a t i n g  m a l f u n c t i o n  r a t e .  

F i g u r e  38 shows a s i m p l i f i e d  s i g n a l  f l u x  p l a n  o f  a n  a x i s  o f  
t h e  s t a b i l i z a t i o n  c o n t r o l .  

The m o n i t o r s  a r e  d e s c r i b e d  i n  more  d e t a i l  i . n . 7 . 3 .  
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F i g .  3 8 .  S i m p l i f i e d  F l u x  P l a n  o f  a C o n t r o l  A x i s  



The m a l f u n c t i o n  p r o b a b i l i t y  o f  a n  a x i s  o f  s u c h  a c o n t r o l  c a n  
b e  e s t i m a t e d .  ( T h e  p o s s i b i l i t y  of s u r v i v i n g  a s e c o n d  m a l f u n c t i o n  
i s  t o  b e  n e g l e c t e d  s i n c e  t h e  p i l o t  c a n n o t  i n t e r v e n e  i n  t h e  f l i g h t  
c o n t r o l  w i t h  a u t o m a t i c  f l i g h t  p i l o t i n g ,  r e s p .  i s  n o t  a v a i l a b l e  for 
t a s k s  o f  f l i g h t  c o n t r o l .  

E x a m p l e :  

If  o n e  a s s u m e s  a s  n u m e r i c a l  v a l u e s  t h e  t y p i c a l  m a l f u n c t i o n  
r a t e s  a f t e r  T a b l e  43 a n d  f o r  t h e  m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  
m o n i t o r s  q = 7 0 - 1 0 - 6  a f t e r  E 4 5 1  f o r  a n  h o u r  a n d  o n e  a x i s ,  

-6Q = 6-10 

However ,  i t  i s  a m a t t e r  h e r e  o n l y  o f  t h e  s t a b i l i z a t i o n  c o n t r o l  /129 
w i t h o u t  s e n s o r s  f o r  s t e e r i n g  s i g n a l s  a n d  o f  t h e  m a l f u n c t i o n  p r o b a 
b i l i t y  o f  o n e  a x i s .  A c c o r d i n g l y ,  o n e  o b t a i n s  f o r  a d u a l  a x i s  
s t a b i l i z a t i o n  c o n t r o l  

B e n d i x  p r o p o s e s  i n  [ 3 9 ,  4 0 1  l i k e w i s e  a s y s t e m  w i t h  t r i p l e x  r e d u n d a n t  
a s s e m b l i e s .  The r e d u n d a n c y  i s  r e a l i z e d  t h e r e  b y  s o  c a l l e d  I ' V o t e r s "  
w h i c h  a r e  d i s c u s s e d  i n  more  d e t a i l  i n  6 . 2 .  

4 . 3  Compar i son  w i t h  t h e  S t a n d a r d s  o f  F l i g h t  S a f e t y  

I t  w a s  d e t e r m i n e d  b y  way o f  i n t r o d u c t i o n  t h a t  t h e  a c c i d e n t  
r a t e  o f  t o d a y  of a c c i d e n t s  i n v o l v i n g  d e a t h  p e r  f l i g h t  h o u r ,  a n d  
t h u s  a l s o  t h e  a c c i d e n t  p r o b a b i l i t y  p e r  h o u r ,  a m o u n t s  t o  3 ~ 1 0 - ~a n d  
t h a t  a c c i d e n t  p r o b a b i l i t y  i s  i d e n t i c a l  w i t h  t h e  m a l f u n c t i o n  p r o b a 
b i l i t y  o f  t h e  t e c h n i c a l  a p p a r a t u s  i n  t h e  c a s e  o f  a n  a u t o m a t i o n  o f  
t h e  f l i g h t  c o n t r o l  p r o c e s s e s .  The m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  
h i s t o r i c a l  a s  w e l l  a s  o f  t h e  a u t o p i l o t s  a v a i l a b l e  t o d a y  a n d  a f e w  
p r o p o s a l s  a r e  n o t e d  i n  T a b l e  4 6 .  H i s t o r i c a l  a u t o p i l o t s  ( f i r s t  a n d  
s e c o n d  g e n e r a t i o n s )  s h o w ,  c o m p a r e d  w i t h  t h e  t h i r d  g e n e r a t i o n  
p r e s e n t l y  i n  u s e ,  somewhat  s m a l l e r  m a l f u n c t i o n  p r o b a b i l i t i e s ,  w h i c h  
c a n  b e  t r a c e d  b a c k  t o  t h e  s l i g h t e r  number  o f  c o n t r o l  f u n c t i o n s  a s  
w e l l  a s  t h e  c o m p a r a t i v e l y  s i m p l e  s t r u c t u r e .  The t h i r d  g e n e r a t i o n ,  
o p e r a t i o n a l  i n  a e r o n a u t i c s  a t  t h i s  t i m e ,  shows a m a l f u n c t i o n  p r o b a 
b i l i t y  o f  4 * 1 0 T 3 .  O n l y  t h e  f o u r t h  g e n e r a t i o n  shows m a l f u n c t i o n  
p r o b a b i l i t i e s  t h r o u g h  t h e  u s e  o f  r e d u n d a n c y ,  w h i c h  l i e  o n l y  o n e  
o r d e r  a b o v e  t h e  p r e s e n t  a c c i d e n t  p r o b a b i l i t y .  

The r e l i a b i l i t y  o f  human p i l o t i n g  i s  t h u s  a t  t h i s  t i m e  b e t t e r  
b y  a t  l e a s t  o n e  o r d e r  o f  m a g n i t u d e  o f  t h e  a c c i d e n t  p r o b a b i l i t y  
( e v e n  b y  r e d u n d a n c y  w i t h  t w o  p i l o t s ) .  

If more  a u t h o r i t y  i s  t o  b e  a s s i g n e d  t o  a u t o m a t i c  f l i g h t  p i l o t i n g ,  
r e s p .  i f  man i s  t o  b e  c o m p l e t e l y  r e m o v e d  f r o m  t h e  c o n t r o l  c i r c l e s  
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of  p i l o t i n g  i n  o r d e r  m e r e l y  t o  e x e r c i s e  a s u p e r v i s o r y  f u n c t i o n ,  
t h e  m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  a u t o m a t i c  f l i g h t  p i l o t i n g  
s y s t e m s ,  whose  e s s e n t i a l  componen t  m u s t ,  o f  c o u r s e ,  b e  a f l i g h t  
c o n t r o l  s y s t e m ,  wou ld  h a v e  t o  b e  l o w e r e d  by  two o r d e r s .  

T A B L E  4 6 .  M A L F U N C T I O N  P R O B A B I L I T I E S  OF AUTOPILOTS, A N D  / 1 3 0  
SYSTEMS PROPOSALS 

Y e a r  
F: 
0 


.rl 
I-' 

(d

I-' si 1 9 3 2  
m a ,& c 1 9 3 8  
-rl a,
Frw 1 9 3 9 - 4 3  

I 

a ' 1 9 4 7 - 5 1G &  
0013 

o F: 0 1 9 4 7 - 5 1  
a, a, .rl 

cn" P 1 9 6 0  

1 9 6 1  
C 
.", 1 9 6 5  
-!J 
rd 1 9 6 4  

asi 
si * 1 9 6 5.d F: 
s a
b u  1 9 6 5  

, 1 9 6 6  
A '  
P si 1 9 6 3  
s i * G2 2 . 2 1 9 6 6  

Type 

A - 2  

K 4 U  

K 1 2  

L s t z  1 4  


A - 1 2  

PB-10 

PB-1OA 

SEP-4  

S P - 3 0  

P B - 2 0 D  

L - 1 0 2  

S P - 5 0  

A F C S - V C - 1 0  

MH-123 

S E P - 5  Dup lex  
SEP-5 T r i p l e x  

Dup lex  

T r i p l e x  

T r i p l e x - A s s e m 
b l i e s  
Q u a d r u pl e x  

-

M a n u f a c t u r e r  	 Malf un ct i o n  P roba
b i l i t y  w i t h i n  an  
h o u r  Q.106 

S p e r r y  2 , 5 0 0 +  
S i e m e n s  1 , l o o +  

Ask a n  5 a 2 , o o o +  
S p e r r y  6 , 0 0 0  - 2 , 0 0 0 + +  

B e n d i x  6 , 0 0 0  - 2 , 0 0 0 + +  

B e n d i x  2 , 9 9 0 + +  

S m i t h s  1,74-0++ 

S p e r r y  3 , 5 0 0 + +  

B e n d i x  4 , 5 0 0 + +  

L e a r  4 , 4 0 0 + +  

S p e r r y  4 , 0 6 0 + +  

E l l i o t  12++ 

Honeywel l  1 , g o o +  

S m i t h s  6 ,000' 
S m i t h s  13+ 

- 6 ,OOO+ 

- 1 3 +  

- 1 2 +  

- 18' 


+ >  	 V a l u e s  b a s e d  on a r e l i a b i l i t y  a n a l y s i s  w i t h  m a l f u n c t i o n  
p r o b a b i l i t i e s  o f  t h e  a s s e m b l y .  

+ + )  V a l u e s  f r o m  d a t a  a c t u a l l y  o b t a i n e d  i n  f l i g h t  o p e r a t i o n s .  
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5 .  O P T I M I Z A T I O N  OF SYSTEMS R E L I A B I L I T Y  

5 .1  G e n e r a l  I n f o r m a t i o n  

If t h e  s y s t e m  c o n s i s t s  o f  s e v e r a l  c o m p o n e n t s  whose  r e l i a b i l i t i e s  
p i  r e s p .  m a l f u n c t i o n  p r o b a b i l i t i e s  9; a r e  known or c a n  b e  c a l c u - 1 1 3 1  
l a t e d  on  t h e  b a s i s  o f  t h e i r  m a l f u n c t i o n  r a t e s ,  

Two m a l f u n c t i o n  p r o b a b i l i t i e s  qo a n d  Qs m u s t  b e  a s s i g n e d  t o  
t h e  s y s t e m  r e s p .  t h e  c o m p o n e n t s  i n  a p r e c i s e  c o n s i d e r a t i o n ,  s i n c e  
e a c h  componen t  i n  e a c h  s y s t e m  h a s  two  t y p e s  o f  m a l f u n c t i o n  w h i c h  
h a v e  o p p o s i t e  e f f e c t s  on  t h e  s y s t e m s  r e l i a b i l i t y  w i t h  a l t e r a t i o n  
o f  t h e  s y s t e m s  c o n f i g u r a t i o n .  The t y p e s  o f  m a l f u n c t i o n  a r e  s i g n a l  
i n t e r r u p t i o n s  ( z e r o  s i g n a l - o p e n  c i r c u i t )  a n d  s h o r t  c i r c u i t .  The 
m a i f u n c t i o n  p r o b a b i l i t y  o f  a g r o u p  f o r m e d  f r o m  t h e  compoDents  c a n  
n o t  always b e  r e d u c e d  b y  a p a r a l l e l  s e t u p  of  c o m p o n e n t s  [122]. 

However ,  o n e  t y p e  o f  m a l f u n c t i o n  w i l l  g e n e r a l l y  p r e d o m i n a t e ,  /1.32 
i . e .  o n e  p r o b a b i l i t y  w i l l  b e  l o d g e d  w i t h  r e s p e c t  t o  t h e  o t h e r ,  s o  
that it is j u s t i f i e d  i n  f i r s t  a p p r o x i m a t i o n  t o  d r a w  i n t o  t h e  con
s i d e r a t i o n s  o n l y  o n e  m a l f u n c t i o n  p r o b a b i l i t y .  

T h i s  i s  e s p e c i a l l y  t h e  c a s e  i f  o n e  c o n s i d e r s  t h e  m a l f u n c t i o n  
p r o b a b i l i t i e s  o f  a u t o p i l o t - a s s e m b l i e s .  T h e s e  a r e ,  i n  g e n e r a l ,  
d e s i g n e d  i n  s u c h  a way t h a t  t h e  t y p e  o f  m a l f u n c t i o n  is p r e d o m i n a n t l y  
s i g n a l l e d  i n t e r r u p t i o n .  

As i s  lcnown, a r e d u c t i o n  o f  t h e  m a l f u n c t i o n  p r o b a b i l i t y  o f  
t h e  t a t a l  s y s t e m  c a n  b e  o b t a i n e d  by a p a r a l l e l  a r r a n g e m e n t  o f  
s y s t e m s  or c o m p o n e n t s .  

T h i s  c a n  b e  s e e n  i m m e d i a t e l y .  I f ,  f o r  e x a m p l e ,  t h e  s y s t e m s  
re1.ia b  i1ity 

i s  g i v e n  t o  a r e d u n d a n t  a r r a n g e m e n t  o f  e q u a l  c o m p o n e n t s  t h r o u g h  

R = 1-0 - P ) ~  

w h e r e b y ,  p = s u r v i v a l  p r o b a b i l i t y  o f  a s y s t e m s  c o m p o n e n t ,  o f  n o t  
m a l f u n c t i o n i n g  t h r o u g h  i n t e r r u p t i o n ,  

m = d e g r e e  o f  r e d u n d a n c y  = number  of c o m p o n e n t s  a r r a n g e d  
i n  p a r a l l e l  f a s h i o n ,  



t h e n  for 
limm--- ,R - 1  h c  1) 

r e s p .  t h e  m a l f u n c t i o n  p r o b a b i l - i t y  

Q + O  

The f u n c t i o n  R ( p ( t > ; m )  i s  r e c o n s t r u c t e d  i n  F i g u r e  3 9 .  
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/ 1 3 3F i g .  3 9 .  R e l i a b i l i t y  o f  a Group o f  E q u a l ,  P a r a l l e l  Components  __I 

( T y p e  of  M a l f u n c t i o n :  I n t e r r u p t i o n ) .  

5..2 Comparison o f  t h e  P o s s i b l e  Sys tems C o n f i g u r a t i o n s  

I n  o r d e r  t o  c a r r y  o u t  a s y s t e m s  o p t i m i z a t i o n ,  i t  i s  p u r p o s e f u l  
t o  d i s t i n g u i s h  t w o  c a s e s :  

1. The s y s t e m  i s  r e g a r d e d  a s  c o n s i s t i n g  o f  s u b - s y s t e m s  (com
p o n e n t s ,  a s s e m b l i e s ) .  The c o m p o n e n t s  h a v e  d i f f e r i n g  m a l f u n c t i o n  
p r o b a b i l i t i e s  a n d ,  i n  a g i v e n  c a s e ,  m a l f u n c t i o n  t y p e s .  The number 
of  v a r i o u s  a s s e m b l i e s  n e c e s s a r y  for s y s t e m s  o p e r a t i o E  i s  g i v e n .  

3. I]3. 
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The s y s t e m s  c o n f i g u r a t i o n  c a n  t h e n  b e  r e p r e s e n t e d  i n  t h e  
f o l l o w i n g  way a n d  i s  d e s i g n a t e d  a s  a s e r i e s  s y s t e m :  

F i g .  4 0 .  S e r i e s  S y s t e m  

The s y s t e m s  e q u a t i o n ' l o f  s u c h  a s e r i e s  s y s t e m  f o r  t h e  t y p e  o f  
m a l f u n c t i o n ,  i n t e r r u p t i o n ,  i s  t h e  known p r o d u c t  f o r m u l a  

R =rpi i = I ,  2, 3 ...n 
( 2 2 )  

/ 1 3M a l f u n c t i o n  P r o b a b i l i t y  9 o f  t h e  S y s t e m  i s  t h e  sum o f  t h e  -
i n d i v i d u a l  m a l f u n c t i o n  p r o b a b i l i t i e s  

A v a r i a t i o n  of  t h e  s e r i e s  s y s t e m  i s  r e p r e s e n t e d  by t h e  c o n f i g u r a t i o n  
r e c o n s t r u c t e d  i n  F i g u r e  4 1 :  

F i g .  4 1 .  P a r a l l e l - S e r i e s - S y s t e m .  

The i n d i v i d u a l  c o m p o n e n t s  o f  t h e  s e r i e s  s y s t e m  a r e  r e p l a c e d  
b y  p a r a l l e l  g r o u p s .  However ,  a s e r i e s - s e r i e s - c o n f i g u r a t i o n  i s  a l s o  
p o s s i b l e ,  w h i c h  c o n t a i n s  i n c r e a s e d  r e l i a b i l i t y  for t h e  t y p e  o f  
m a l f u n c t i o n ,  s h o r t  c i r c u i t .  

The s y s t e m s  e q u a t i o n  o f  t h e  p a r a l l e l - s e r i e s - s y s t e m  r e a d s  f o r  

_- -.~~ 

l l T h e  p r o b a b i l i t y  f r o m  many e v e n t s  i s  c a l c u l a t e d  f r o m  t h e  l a w s  o f  
t h e  t h e o r y  o f  p r o b a b i l i t y ,  e s p e c i a l l y  

1. 	 The l a w  o f  t h e  c o m p l e t e  a d d i t i v i t y  o f  p r o b a b i l i t i e s  
( a d d i t i o n  t h e o r e m ) .  

2 .  	 The l a w  of t h e  m u l t i p l i c a t i o n  o f  p r o b a b i l i t i e s  
( M u l t i p l i c a t i o n  t h e o r e m ) .  
Compare f o r  t h a t  p u r p o s e  [ 7 4 - 8 2 1 .  

1 0 2  



the malfunction type, interruption: 


2. The system is regarded as a unit; in a given case, a 

superordinate system is formed whose components consist of the 

originally present system. 


Malfunction probability and malfunction type of the components 

of the newly formed system can be regarded as equal. 


The number of components is freely selectable and can be one, /136 

if it corresponds to the demands of reliability. 


The same manner of consideration can hold true for assemblies 

resp. other subsystems. 


The systems configurations can then be represented as in 

Figure 42 and is designated as series-parallel-system. 


pr 1 9 pi1 '  b-

Fig. 42. Series-Parallel-System 


If the primary system malfunctions predominantly through short 

circuit, a series-series-configuration can also offer advantages 

here. 


The equation of the series-parallel-system reads: 


S y s t e m s  P r o p e r t i e s  

Both a series-parallel-system and a parallel-series-system 
have, with equal reliability of components, greater reliability
than a series system. Moreover, it can be shown that a parallel
series-system always has for the malfunction type interruption a 
greater reliability with the same type and number of components 
than a series-parallel-system, if one forms difference function 
RD = Rps - Rsp. This always becomes larger than zero in the open 



i n t e r v a l  0 < p < 1. 

T h i s  c a n  b e  s e e n  i n  a c o m p a r i s o n  of F i g u r e s  4 1  a n d  4 2 ,  s i n c e  
w i t h  a p a r a l l e l - s e r i e s - c o n f i g u r a t i o n  more  o p e r a t i o n a l  p a t h s  a r e  
a v a i l . a b l e ,  Le .  more  p a r t i a l  m a l f u n c t i o n s  a r e  p e r m i s s i b l e  t h a n  i n  
t h e  ca se  o f  a s e r i e s - p a r a l l e l - c o n f i g u r a t i o n .  

However ,  a s e r i e s - p a r a l l e l - c o n f i g u r a t i o n  i s  e a s i e r  t o  r e a l i - z e  
f r o m  t h e  p ~ i n to f  v i e w  o f  c o n s t r u c t i o n ,  s i n c e  t h e  number o f  p o i n t s  
of  c o n n e c t i o n  i s  s l i g h t e r  t h a n  i n  t h e  c a s e  o f  p a r a l l e l - s e r i e s 
r e d u n d a n c y .  S e r i e s - p a r a l l e l - s y s t e m  i n  t h e  a r e a  of a u t o p i l o t s  a r e  
f r e q u e n t l y  d e s i g n a t e d  a s  m u l t i p l e x - s y s t e m s  ( e g  S E P - 5  o f  - t he  S m i t h s ) .  

5 . 3  Eiehavior o f  S y s t e m s  R e l i a b i l i t y  w i t h  A l t e r a t i o n  
o f  R e l i a b i l i t y  o f  Components 

I t  w a s  d e t e r m i n e d  i n  t h e  p r e c e d i n g  s e c t i o n  t h a t  a p a r a l l e l 
s e r i e s - s y s t e m ,  i . e .  r e d u n d a n c y  o f  a s s e m b l i e s  , s h o u l d  b e  c h o s e n  i n  
t h e  c a s e  o f  e q u a l  number a n d  m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  compo
n e n t s  i.f r e d u n d a n c y  m u s t  b e  p r o v i d e d .  

The q u e s t i o n  now a r i s e s ,  w h i c h  a s s e m b l i e s  s h o u l d  b e  made 
r’e dund a n  t . 

A g e n u i n e  o p t i m i z a t i o n ,  : . e .  a r e l a t i v e ,  m a x i m a l  v a l u e  o f  t h e  
s y s t e m s  r e l i a b i l i t y  R = R ( p i ,  a i )  i n  t h e  o p e n  i n t e r v a l  0 < R < 1, 
d o e s  n o t  e x i s t .  The f u n c t i o n  R i s  m o n o t o n i . c a l l y  g r a d i e n t  i n  t h e  
ca se  o f  g r o w i n g  p a n d  a ( i n  t h e  c a s e  o f  o n l y  o n e  m a l f u . n c t i o n  t y p e  
o f  t h e  c o m p o n e n t 7  i n  o r d e r  t o  r e a c h  t h e  a b s o l u t e  maximum R = 1 . 0 0  
e i t h e r  f o r  p -1 1 or’ for a j- ce, ( p  < 1). 

A c r i t e r i o n  o f  o p t i m i z a t i o n  c a n ,  h o w e v e r ,  b e  f o r m u l a t e d  i n  
t h e  f o l l o w i n g  way: 

S o u g h t  a f t e r  i s  t h e  g r e z t e s t  a l t e r a t i o n  o f  s y s t e m s  r e l i a b i l i t y  
R w i t h  a l t e r a t i o n  o f  t h e  r e l i a b i l i t y  o f  i.ts c o m p o n e n t s  -p w i t h  
g i v e n  s y s t e m s  c o n f i g u r a t i o n .  

S i n c e  t h e s e  s y s t e m s  e q u a t i o n s  R = R ( p i )  a r e  known,  t h i s  p r o b 
l e m  c a n  b e  s o l v e d  w i t h  t h e  h e l p  o f  t h e  g r a d i e n t  m e t h o d .  

For t h e . s t r o n g e s t  a l t e r a t i o n  o f  t h e  f u n c t i o n  -R a l o n g  o n e  p a t h  
S :  

Se r ie s  Sys t em /138 

The s y s t e m s  e q u a t i o n  R = p i  h o l d s  t r u e .  
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C o n s e q u e n t l y ,  f o r  t h e  a l t e r a t i o n  o f  w i t h  a l t e r a t i o n  o f  a n y  
p i ( p j  = c o n s t .  f o r  j + i )  

( 2 7 )  

The g r e a t e s t  a l t e r a t i o n  o f  InR a n d ,  b e c a u s e  o f  t h e  m o n o t o n i c i t y  
o f  t h e  l o g a r i t h m j  o f  -R a s  w e l l  i s  t h u s  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  a b s o l u t e  v a l u e  p i  o f  a n y  o n e  a s s e m b l y .  One a t t a i n s  t h e  g r e a t e s t  
i n c r e m e n t  o f  s y s t e m s  r e l i a b i l i t y  by i m p r o v e m e n t  o f  t h e  m o s t  un
r e l i a b l e  c o m p o n e n t .  

T h i s  r e s u l t  c o r r e s p o n d s  t o  t h e  common i d e a s ,  a c c o r d i n g  t o  
w h i c h  t h e  w e a k e s t  member o f  a c h a i n  b r e a k s  f i r s t .  

Parallel-Series-System 


I f  o n e  now c o n s i d e r s  t h e  c a s e  o f  t h e  p a r a l l e l - s e r i e s - s y s t e m  
whose e q u a t i o n  r e a d s  

R - (1TIai1
P 

t h e n  t h i s  c a n  b e  t r a n s f o r m e d  by t h e  f o l l o w i n g  s u b s t i t u t i o n s  

1 -pi  = qi 

q:= Qi 

1 - Q i =  Pi 

i n t o  t h e  f o r m  /139 

R - r p i  

w h e r e  p i  r e p r e s e n t s  t h e  r e l i a b i l i t y  o f  t h e  r e d u n d a n t  a s s e m b l y .  The 
same c o n s i d e r a t i o n s  h o l d  t r u e  f o r  t h i s  e q u a t i o n  a s  f o r  t h e  s i m p l e  
s e r i e s  s y s t e m ,  : .e .  o n e  o b t a i n s  t h e  g r e a t e s t  i n c r e m e n t  o f  s y s t e m s  
r e l i a b i l i t y  R w i t h  u s e  r e s p .  f u r t h e r  i n c r e a s e  o f  t h e  r e d u n d a n c y  of  
t h e  m o s t  u n r e l i a b l e  a s s e m b l y .  

5.4 Procedures f o r  the Design o f  a Highly Reliable 
System with given Reliability o f  its Components 

I f  a s t a n d a r d  .of r e l i a b i l i t y  i s  g i v e n  f o r  t h e  s y s t e m ,  wi:<.ch 
c a n n o t  b e  o b t a i n e d  b y  means  o f  a s i m p l e  s e r i e s  s y s t e m  a s  a r e s u l t  
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of t h e  i n s u f f i c i e n t  r e l i a b i l i t y  o f  i t s  c o m p o n e n t s ,  t h e  s t a n d a r d  o f  
s y s t e m s  r e l i a b i l i t y  c a n  b e  m e t  t h r o u g h  a s i m p l e  p r o g r e s s i v e  m e t h o d ,  
i n  t h a t  t h e  s y s t e m s  c o m p o n e n t s  a r e  d e s i g n e d  r e d u n d a n t l y .  

Methods  ( a f t e r  W e b s t e r  C1231)  

One o r d e r s  t h e  c o m p o n e n t s  i n  a c c o r d a n c e  w i t h  t h e  m a g n i t u d e  o f  
t h e i r  m a l f u n c t i o n  p r o b a b i l i t i e s .  T h e n ,  o n e  i n c r e a s e s  t h e  d e g r e e  
o f  r e d u n d a n c y  o f  t h e  m o s t  u n r e l i a b l e  s y s t e m s  component  r e s p .  r e 
d u n d a n t  g r o u p  by o n e ,  c o r r e s p o n d i n g  t o  t h a t  d e s c r i b e d  a b o v e .  A f t e r  
r e o r d e r i n g  o f  t h e  c o m p o n e n t  r e s p .  r e d u n d a n t  g r o u p s  c o r r e s p o n d i n g  
t o  t h e  m a l f u n c t i o n  p r o b a b i l i t i e s ,  o n e  r e p e a t s  t h e  p r o c e d u r e .  One 
c a l c u l a t e s  a f t e r  e a c h  s t e p  t h e  s y s t e m s  r e l i a b i l i t y .  One r e p e a t s  
t h e  p r o c e d u r e  u n t i l  t h e  demanded r e l i a b i l i t y  i s  a t t a i n e d .  

5 . 5  Redundancy  T y p e s 1 2  /140 

5 . 5 . 1  A C T I V E ,  FUNCTIONAL REDUNDANCIES 

The p o s s i b i l i t y  w i l l  b e  c h a r a c t e r i z e d  a s  a c t i v e ,  f u n c t i o n a l  
r e d u n d a n c y  t o  r e a l i z e  a r e d u n d a n t  a r r a n g e m e n t  o f  a s s e m b l i e s ,  con
s t r u c t i o n a l  c o m p o n e n t s ,  c o m p o n e n t s  w i t h o u t  a d d i t i o n a l  m o n i t o r i n g  
a n d  s w i t c h i n g  (or s w i t c h i n g  r e d u n d a n c y ,  or s e l e c t i v e  s w i t c h i n g s )  
( m a j o r i t y  r e d u n d a n c y ) .  T h a t  i s ,  h o w e v e r ,  o n l y  p o s s i b l e  i n  t h e  ca se  
o f  a f e w  c o m p o n e n t s  ( e g .  r e l a y s ,  s w i t c h e s ,  d i o d e s ,  r e s i s t a n c e s ,  
m e c h a n i c a l  s t r u c t u r e s ) .  The m a l f u n c t i o n  p r o b a b i l i t y  o f  a s y s t e m  
o f  s m a l l  a n d  e q u a l  c o m p o n e n t s  o f  m a l f u n c t i o n  p r o b a b i l i t y  -q i s  

5 . 5 . 2  SEQUENCE O R  SWITCHING R E D U N D A N C Y  

The p o s s i b i l i t y  w i l l  b e  d e s i g n a t e d  a s  a s e q u e n c e  r e d u n d a n c y  
( s t a n d - b y ,  s e q u e n c e ,  s e n s i n g  a n d  s w i t c h i n g )  o f  s w i t c h i n g  by means 
of a m o n i t o r  a n d  s w i t c h i n g  u n i t  f r o m ,  t o  b e g i n  w i t h ,  o n e  component  
c a r r y i n g  o u t  t h e  f u n c t i o n  t o  t h e  n e x t  o p e r a b l e  component  upon i t s  
m a l f u n c t i o n .  

A t  l e a s t  t w o  e q u i v a l e n t  c o m p o n e n t s  a r e  n e c e s s a r y  f o r  m o n i t o r i n g  
o f  d e f e c t s ,  s o  t h a t  r e d u n d a n c y  i s  o n l y  p o s s i b l e  i n  t h e  ca se  o f  t h r e e  
c o m p o n e n t s .  However ,  for t h e  m o s t  p a r t  p a i r s ,  i . e .  a t  l e a s t  four 
c o m p o n e n t s ,  w i l l  f i n d  a p p l i c a t i o n  f o r  r e a s o n s  o f  s y m m e t r y .  

A s s e m b l i e s  f o r  t h e  p u r p o s e  o f  d e f e c t  m o n i t o r i n g  a n d  s w i t c h i n g  
a r e  d e s c r i b e d  u n d e r  6 a n d  7 .  

I 2 T h e r e  i s , t o  d a t e  n o  a g r e e m e n t  on t h e  German l a n g u a g e  d e s i g n a t i o n s .  
Work i s  b e i n g  d o n e  on  a u n i f i e d  t e r m i n o l o g y  i n  v a r i o u s  w o r k i n g  
c i r c l e s  (NTG, VDI) .  
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For the m a l f u n c t i o n  p r o b a b i l i t y  4 u n d e r  n e g l e c t  o f  t h e  m a l 
f u n c t i o n  p r o b a b i l i t y  o f  d e f e c t  m o n i t o r i n g  a n d  s w i t c h i n g  f o r  o n e  
g r o u p  o f ,  i n  e a c h  c a s e ,  two e q u a l  component  p a i r s :  

For a s y s t e m  o f  t h r e e  p a i r s  o f ,  i n  e a c h  c a s e ,  t w o  c o m p o n e n t s :  /141 

Q = W3 = h3 

I n  g e n e r a l ,  f o r  -n c o m p o n e n t s  

n 

Q -

One a d v a n t a g e ,  a s  o p p o s e d  t o  t h e  m a j o r i t y  r e d u n d a n c y  d e s c r i b e d  
E u r t h e r  b e l o w ,  i s  o f f e r e d  by s e q u e n c e  r e d u n d a n c y ,  i f  t h e  a s s e m b l y  
3 m i t s  a c o n t i n u o u s  s i g n a l  on i t s  o p e r a b i l i t y  t h r o u g h  i n t e r n a l  
i o n i t o r i n g  a r r a n g e m e n t s ,  w h i c h  c a n  s e r v e  f o r  t h e  a c t i v a t i o n  o f  a 
w i t c h i n g .  T h i s  p r e s e n c e  o f  s u c h  a s i g n a l  c a n  b e  s e t  a s  a p r e 
o n d i t i o n  f o r  s o  c a l l e d  m o n i t o r e d  a s s e m b l i e s  i n  d e v e l o p m e n t s  s u c h  
s c o m p u t e r s ,  a m p l i f i e r s ,  u h f - v h f  r a d i o  r e c e i v e r s .  T h e n ,  t h e  
e c e s s i t y  o f  t h e  c o m p a r i s o n  o f ,  i n  e a c h  c a s e ,  two a p p a r a t u s e s ' n o  
o n g e r  e x i s t s ,  a n d  a s e q u e n c e  r e d u n d a n c y  c a n  b e  c a r r i e d  o u t  w i t h ,  
n e a c h  c a s e ,  o n e  c o m p o n e n t .  

T h e n ,  a s  i n  t h e  c a s e  o f  a c t i v e  r e d u n d a n c y  w i t h  n e g l e c t  o f  
w i t c h i n g :  

Q = q" 

5 . 5 . 3  M A J O R I T Y  R E D U N D A N C Y  

The r e a l i z a t i o n  o f  r e d u n d a n c y  c a n  a l s o  b e  made p o s s i b l e  by a n  
i r r a n g e m e n t  ( " V o t e r " )  w h i c h  makes  a s e l e c t i o n  f r o m  among t h e  o u t 
> u t  s i g n a l s  of t h r e e  or more  r e d u n d a n t  c o m p o n e n t s  a r r a n g e d  i n  
? a r a l l e l  f a s h i o n  ( c o m p a r e  6 . 2 ) .  The l o g i c  o f  a t r i p l e x  e l e c t r o 
i y d r a u l i c  s e r v o  m o t o r  ( c o m p a r e  6.1) a l s o  f o l l o w s  t h e  l a w s  o f  a 
m a j o r i t y  s e l e c t i o n .  

The m a j o r i t y  p r i n c i p a l  d o e s ,  h o w e v e r ,  c a u s e  d e v i a t i n g  e q u a t i o n s  
f o r  s y s t e m s  r e l i a b i l i t y  R a n d  m a l f u n c t i o n  p r o b a b i l i t y  Q ,  a s  o p p o s e d  
t o  a c t i v e  f u n c t i o n a l  r e d u n d a n c y ,  i n  t h e  ca se  o f  g i v e n  r e l i a b i l i t y  
p a n d  m a l f u n c t i o n  p r o b a b i l i t y  3 o f  i t s  c o m p o n e n t s ,  w h i c h  w i l l  b e  
g r i e f l y  c o n s i d e r e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

I n  F i g u r e  4 3 ,  t h e  p r i n c i p a l  o f  t h e  l o g i c  c i r c u i t  f o r  m a j o r i t y  /142 
r e d u n d a n c y  w i t h  s i g n a l s  f r o m  t h e  t h r e e  c o m p o n e n t s  A ,  B y  C i s  
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p r e s e n t e d .  The e q u a t i o r .  o f  t h e  l o g i c  r e a d :  

L = AB + AC + BC 

Under  t h e  a s s u m p t i o n  t h a t-q~ = q B  - qC = q ,  a p r o b a b i l i t y  
r e s u l t s  t h a t  n o  o u t p u t  s i g n a l  i s  
p r e s e n t  ( m a l f u n c t i o n  p r o b a b i l i t y )  

L_ _ _ _ _ _ _ _ _ _  -1 
One c a n  a l s o  o b t a i n  a n  e x -F i g .  4 3 .  

o f  
P r i n c i p a l  C i r c u i t  p r e s s i o n  for t h e  r e l i a b i l i t y  o fDiagram a L o g i c  C i r c u i t  s u c h  a n  a r r a n g e m e n t  of  t h r e efor M a j o r i t y  R e d u n d a n c y  w i t h  e q u a l  c o m p o n e n t s  - t o  b e g i n  w i t h ,T h r e e  C o m p o n e n t s .  u n d e r  n e g l e c t  o f  t h e  m a l f u n c t i o n  

p r o b a b i l i t y  Qv o f  t h e  v o t e r  - t h r o u g h  t h e  e x p a n s i o n  o f  t h e  b i n o m i a l  
e x p r e s s i o n  

i n  w h i c h  t h e  f i r m  t e r m  p 3  i n d i c a t e s  t h e  p r o b a b i l i t y  t h a t  a l l  t h r e e  
c o m p o n e n t s  w i l l  s u r v i v e ,  t h e  s e c o n d  t h a t  a d e f e c t  w i l l  a p p e a r ,  t h e  
t h i r d  t h a t  t w o  d e f e c t s  w i l l  a p p e a r  a n d  t h e  f o u r t h  t h a t  a l l  t h r e e  
c o m p o n e n t s  w i l l  now f u n c t i o n  w i t h i n  t h e  t e m p o r a l  i n t e r v a l  u n d e r  
c o n s i d e r a t i o n .  A t  l e a s t  two c o m p o n e n t s  m u s t  s u r v i v e  i n  t h e  ca se  
of a m a j o r i t y  r e d u n d a n c y  i n  o r d e r  f o r  t h e  s y s t e m  t o  r e m a i n  o p e r a b l e .  

The c o u r s e  o f  t h i s  f u n c t i o n  R ( t )  i s  p r e s e n t e d  i n  F i g u r e  4 5 .  

T h e  malfunction p r o b a b i l i t y  (2 r e s u l t s  h e r e  a t  

I f  o n e  c o n s i d e r s  t h e  v o t e r  r e l i a b i l i t y  R v ,  t h e n  

R * (3p2 - +?\ (31) 
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I f  t h e  r e d u c t i o n  o f  t h e  s y s t e m s  m a l f u n c t i o n  p r o b a b i l i t y  a t 
t a i n a b l e  by means  o f  t h e  l o g i c  known t o  d a t e  f o r  a m a j o r i t y  r e 
dundancy  of  t h r e e  c o m p o n e n t s  d o e s  n o t  s u f f i c e ,  a l o g i c  c i r c u i t  
c o u l d  b e  u s e d  f o r  f i v e  c o m p o n e n t s .  I t  s h o u l d  b e  p o s s i b l e  w i t h  
s u c h  a l o g i c  t o  s u r v i v e  two m a l f u n c t i o n s  ( t h e  p r i n c i p a l  c o u l d  b e  
d e s i g n a t e d  as  “ t h r e e  o f  f i v e ” .  

The p r i n c i p a l  c i r c u i t  d i a g r a m  o f  s u c h  a l o g i c  i s  p r e s e n t e d  
i n  F i g u r e  4 4 .  

The l o g i c  c o n s i s t s  o f  1 0  A N D - G a t e s  w i t h ,  i n  e a c h  c a s e ,  t h r e e  
i n p u t s  o f ,  i n  e a c h  c a s e ,  t h r e e  o f  t h e  f i v e  r e d u n d a n t  c o m p o n e n t s  
A ,  B y  C y  D ,  E ( t h e  number o f  t h e  p o s s i b l e  p e r m u t a t i o n  i s  ( 3 )  = 10). 
The o u t p u t  s i g n a l  o f  t h e  A N D - G a t e  a r e  l e a d  t o  a n  OR-Gate whose  
o u t p u t  s i g n a l  i s  p r e s e n t  u n t i l  more  t h a n  two o f  t h e  f i v e  c o m p o n e n t s  
h a v e  m a l f u n c t i o n e d .  

The e q u a t i o n  o f  t h e  l o g i c  r e a d s :  

L - ABC +ABD +ACD +ACE +ADE + BCD + BCE + BDE +CDE 

T h e r e  r e s u l t s  f o r  t h e  m a l f u n c t i o n  p r o b a b i l i t y  of t h e  e n t i r e  /144 
s y s t e m  u n d e r  t h e  p r e c o n d i t i o n  9~ = qB = . . . q  : 

3Q - 1 O q  
( 3 2 )  

----IO R - G A T E  
ci I 
I I ‘ I 

I ’  I ’ 

rl 5I ’ 
4’ li 
‘ Ib 
I ‘ 
I I 
t-i 
I I 

F i g .  4 4 .  P r i n c i p a l  C i r c u i t  Diagram o f  a L o g i c  C i r c u i t  f o r  a Ma
j o r i t y  Redundancy  w i t h  F i v e  Componen t s .  

One c a n  o b t a i n  h e r e  a n  e x p r e s s i o n  f o r  t h e  s y s t e m s  r e l i a b i l i t y  
f r o m  t h e  b i n o m i a l  d e v e l o p m e n t  f o r  f i v e  c o m p o n e n t s .  
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The r e s u l t s  

R = p3[6p2 - lSp+lO'] 

l i k e w  i s  e 

u n d e r  n e g l e c t  o f  t h e  members  o f  h i g h e r  o r d e r  t h a n  q 3 ,  s i n c e  
q 4 > >  4 5 ,  Q < 1 o q 3  a l s o  f o l l o w s .  

Such  l o g i c  r e p r e s e n t s  a c o n s i d e r a b l e  o u t p u t  o f  s w i t c h i n g ,  
e s p e c i a l l y  i f  t h e  l o g i c  i t s e l f  m u s t  b e  d e s i g n e d  r e d u n d a n t l y  f o r  
r e a s o n s  of r e l i a b i l i t y .  

Mass a n d  v o l u m e  c a n ,  h o w e v e r ,  b e  h e l d  s m a l l  e n o u g h  w i t h  t h e  
h e l p  o f  i n t e g r a t e d  c i r c u i t s ,  i n  o r d e r  t o  g u a r a n t e e  a p r a c t i c a l  
a p p l i c a b i l i t y .  

The f u n c t i o n  R ( p ( t ) )  f o r  f i v e  c o m p o n e n t s  i s  p r e s e n t e d  i n  
F i g u r e  4 5 .  

I n  g e n e r a l ,  t h e  f o l l o w i n g  b i n o m i a l  d i s t r i b u t i o n  h o l d s  t r u e  
f o r  -n e q u i v a l e n t  c o m p o n e n t s :  

n(n-yf" q2 

n-3 3 
n(ri-l) (n-2) P q + ...+qn - f 0P"-* qr

3 1  110 

If 2 of t h e  3 c o m p o n e n t s  f u n c t i o n ,  t h e  f o l l o w i n g  holds t r u e  f o r  
t h e  t o t a l  r e l i a b i l i t y  -R w i t h o u t  c o n s i d e r a t i o n  R, of t h e  v o t e r  

I t  c a n  b e  s e e n  f r o m  F i g u r e  4 5  t h a t  b o t h  t h e  f u n c t i o n  R = 3p2  / 1 4 7  
- 2p3  ( 3  c o m p o n e n t s )  a n d  t h e  f u n c t i o n  R = p3C6p2 - 1 5  p t 1 0 1  
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1.0 

0.6 

0,5 

0.4 

0.2 

0 

0 0.5 0.69 1 1.5 
4-T 

F i g .  4 5 .  R e l i a b i l i t y  i n  t h e  Case of  M a j o r i t y  Redundancy  / 1 4 6  

( 5  c o m p o n e n t s )  a s  w e l l  a s  a n y  f u n c t i o n  R ( p ( t ) O  i n  t h e  c a s e  of  
m a j o r i t y  r e d u n d a n c y  i n t e r s e c t  t h e  c o u r s e  of r e l i a b i l i t y  o f  t h e  i n 
d i v i d u a l  e l e m e n t  R = p = e - t .  The p o i n t  of i n t e r s e c t i o n  c a n  b e  
d e t e r m i n e d :  

3p2 - 2p3 = p+ p = 0.5 

a n d  a l s o  

p3 [&p2- 15p .t 101 p+p = 0.5 

1The f u n c t i o n  p = e - 1  = ( T  = -) i s  i n t e r s e c t e d  i n  e a c h  case  i n  t h ex 
p o i n t  R = 0 . 5 ,  i . e .  a r e l i a b i l i t y  i n c r e a s e  i s  o n l y  p r e s e n t  a t  
t i m e s  w h i c h  a r e  s m a l l e r  t h a n  t h e  t i m e  b e l o n g i n g  t o  R = 0 . 5 ,  t = 
0 . 6 9 .  T 

The p o s s i b i l i t i e s  d e s c r i b e d  u n d e r  5 . 2  - 5 . 4  for t h e  i n c r e a s e  
o f  s y s t e m s  r e l i a b i l i t y ,  w h i c h  p r e s u p p o s e s  t h e  s y s t e m s  e q u a t i o n  f o r  
a c t i v e  s y s t e m s  r e d u n d a n c y ,  c a n  b e  t r a n s c r i b e d  t o  m a j o r i t y  r e d u n d a n c y  
w i t h o u t  l i m i t a t i o n .  

M a j o r i t y  r e d u n d a n c y  a v o i d s  t h e  d i s a d v a n t a g e s  o f  t h e  r e d u n d a n c y  
w i t h  d e f e c t  m o n i t o r i n g  a n d  s w i t c h i n g  w h i c h  m u s t  f u n c t i o n  w i t h  c o n 
v e n t i o n a l  r e l a y s .  " V o t e r "  r e s p .  s e m i c o n d u c t o r  l o g i c  c i r c u i t s  c a n  
b e  made e x t r e m e l y  r e l i a b l e  t h e m s e l v e s  ( 6 . 2 1 ,  s o  t h a t  t h e i r  m a l 
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f u n c t i o n  p r o b a b i l i t y  becomes  n e g l i g i b l y  s m a l l .  An e s p e c i a l  a d 
v a n t a g e  i s ,  m o r e o v e r ,  a c e r t a i n  p r o t e c t i o n  a g a i n s t  s h o r t  c i r c u i t  
m a l f u n c t i o n s ,  i . e .  i n p u t  s i g n a l s  of e x t r e m e  m a g n i t u d e .  

5 . 5 . 4  COMPARISON OF R E D U N D A N C Y  TYPES 

The f o r m u l a s  of t h e  m a l f u n c t i o n  p r o b a b i l i t i e s  Q a r e  r e c o n 
s t r u c t e d  i n  T a b l e  4 7  for t h e  v a r i o u s  r e d u n d a n c y  t y p e s  a n d  number  
o f  c o m p o n e n t s  o f  e q u a l  m a l f u n c t i o n  p r o b a b i l i t y  q u n d e r  n e g l e c t  o f  
t h e  m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  c o m p o n e n t s  m a k i n g  p o s s i b l e  t h e  
r e d u n d a n c y .  

T A B L E  4 7 .  RELATIONS BETWEEN SYSTEMS MALFUNCTION P R O B A B I L I T Y  Q /148
A N D  MALFUNCTION PROBABILITY OF T H E  COMPONENT q I N  T H E  C A S E  Of; 

V A R I O U S  R E D U N D A N C Y  T Y P E S  A N D  N U M B E R  O F  C ~ M P O N E N T S .  

Redundancy  Type  Number o f  Components  w i t h  
_ _- .M a l f u n c t i o n  P r o b a b i l i t y  q 

2 3 4 5 6
A c t i v e  Redundancy  9 q 9 9 9 

S e q u e n c e  Redundancy  2 3 4 5 6
( M o n i t o r e d  C o m p o n e n t s )  4 9 9 q 9 

S e q u e n c e  Redundancy  - - 4 2  - @3
( S i m p l e  C o m p o n e n t s )  

M a j o r i t y  Redundancy  - 39’ - ,093 
~ _. 

I t  c a n  b e  s e e n  f r o m  T a b l e  4 7  t h a t  t h e  g r e a t e s t  r e d u c t i o n  o f  
t h e  s y s t e m s  m a l f u n c t i o n  p r o b a b i l i t y  w i t h  t h e  s m a l l e s t  number o f  
n e c e s s a r y  c o m p o n e n t s  i s  o b t a i n a b l e  by  means  o f  a c t i v e  r e d u n d a n c y  
and  s e q u e n c e  r e d u n d a n c y  w i t h  “ m o n i t o r e d  c o m p o n e n t s ” .  T h e s e  a r e ,  
h o w e v e r ,  n o t  a l w a y s  a p p l i c a b l e .  M a j o r i t y  r e d u n d a n c y  o f f e r s  a d 
v a n t a g e s  i f  o n l y  s i m p l e  ( n o t  m o n i t o r e d )  c o m p o n e n t s  a r e  a v a i l a b l e  
for a s e q u e n c e  r e d u n d a n c y  p e r i o d .  
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6. 	 SPECIAL ASSEMBLIES FOR T H E  CONSTRUCTIONAL 

REALIZATION OF REDUNDANCIES 


6.1 Mechanical Assemblies 


M e c h a n i c a l  a s s e m b l i e s  f i n d  a p p l i c a t i o n  e s p e c i a l l y  i n  t h e  c o n 
t r o l  o f  t h e  c o n t r o l  s u r f a c e s .  The b e s t  known p o s s i b i l i t y  c o n s i s t s  
o f  r e a l i z i n g  r e d u n d a n c y  w i t h  t h e  h e l p  o f  d i f f e r e n t i a l  l e v e r b a r s ,  
a s  i s  s c h e m a t i c a l l y  p r e s e n t e d  i n  F i g u r e  4 6 .  A u t o p i l o t  s i g n a l s  i n  / 1 4 9  
m a n u a l  c o n t r o l  by t h e  p i l o t  o p e r a t e  i n  p a r a l l e l  f a s h i o n  on t h e  c o n 
t r o l  b y  t h e  p i l o t  o p e r a t e  i n  p a r a l l e l  f a s h i o n  on  t h e  c o n t r o l  o f  
t h e  h y d r a u l i c  r u d d e r  s e r v o  m o t o r  for t h e  a d j u s t m e n t  o f  t h e  c o n t r o l  
s u r f a c e ,  s o  t h a t  t h e  m a n u a l  c o n t r o l  i s  c o n s e r v e d  i n  c a s e  o f  m a l 
f u n c t i o n  o f  t h e  a u t o p i l o t  a n d  a n  o v e r t r a v e l  o f  t h e  a u t o p i l o t  i s  
a l s o  p o s s i b l e .  

F i g .  4 6 .  R e d u n d a n t  C o n t r o l  by P i l o t  a n d  A u t o p i l o t  f r o m  [ 2 2 1 .  
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C o n t r o l - b y  pilot--b id 
o v e r  a s e r v o - m o t o r  

F i g .  4 7 .  T r i p l e x  E l e c t r o m e c h a n i c a l  S e r v o  Motor  [ 7 2 ]  / 1 5 0  

The p r i n c i p a l  of a t r i p l e x  e l e c t r o - m e c h a n i c a l  s e r v o  m o t o r  for 
c o n t r o l  t h r o u g h  t h r e e  c o n t r o l  c h a i n s  a n d  m a n u a l  c o n t r o l  by t h e  
p i l o t  i s  p r e s e n t e d  i n  F i g u r e  47 C 7 2 1 .  

A f u r t h e r  p o s s i b i l i t y  f o r  s u v i v i n g  a m a l f u n c t i o n  w i t h  t h r e e  
c o n t r o l  s i g n a l s  c a n  b e  e s t a b l i s h e d  b y  a power  c o u p l i n g  i n  e l e c t r o 
h y d r a u l i c  s e r v o  m o t o r s .  T h i s  p o s s i b i l i t y  i s  p r o v i d e d ,  e g ,  by  t h a t  
o f  t h e  f i r m  S m i t h  f o r  t h e  E + S E P - 5  t r i p l e x  s y s t e m  ( S h o r t - B e l f a s t  
a n d  H.S. T r i d e n t ) .  The F l u g g e r a t e w e r k  B o d e n s e e  a l s o  u s e s  t h e  
a c t u a t o r  o f  t h e  f i r m  Hobson p r e s e n t e d  i n  F i g u r e  48 i n  t h e  d e v e l o p 
m e n t  o f  a t r i p l e x  c o n t r o l  C124,  1 2 5 1 .  

The c o n t r o l  t a k e s  p l a c e  t h r o u g h  t h e  t h r e e  e l e c t r o - h y d r a u l i c  /151 
s e r v o  v a l v e s .  The f u n c t i o n  i s  c o n s e r v e d  i f  t w o  v a l v e s  o b t a i n  

F i g .  4 8 .  S e m i s c h e m a t i c  P r e s e n t a t i o n  of t h e  T r i p l e x  S e r v o  Motor. 
c 1 2 4 ,  1 2 5 1  
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c o r r e c t  s i g n a l s .  T h i s  s e r v o  m o t o r  i s  f u r t h e r  i m p r o v a b l e  b y  t h e  
p l a n n e d  f e e d i n g  t h r o u g h  t h r e e  h y d r a u l i c  e n e r g y  s o u r c e s  i n d e p e n d e n t  
o f  o n e  a n o t h e r .  

The i n d i c a t i o n  o f  m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  m e c h a n i c a l  
d i f f e r e n t i a l  l e v e r  a s s e m b l i e s  a p p e a r s  e x t r a o r d i n a r i l y  p r o b l e m a t i c .  
However ,  it m i g h t  b e  n e g l i g i b l y  s m a l l  w i t h  p a i n s t a k i n g  d i m e n s i o n i n g  
a n d  c h o i c e  o f  m a t e r i a l s .  

An e s t i m a t i o n  o f  t h e  m a n u f a c t u r e  o f  t h e  m a l f u n c t i o n  r a t e  f o r  
t h e  e n t i r e  s e r v o  m o t o r  i s  a v a i l a b l e  f o r  t h e  t r i p l e x  e l e c t r o 
h y d r a u l i c  s e r v o  m o t o r  o f  Hobson L t d . :  

A t h i r d  o f  t h e  a b o v e  v a l u e  r e s u l t s  p r o p o r t i o n a t e l y  f o r  o n e  c h a n n e l ,  
t h u s  

6.2 Electrical Assemblies / 1 5 2  

A mean v a l u e  c h o i c e  o f  t h e  a n a l o g o u s  c o n t r o l  s i g n a l s  u n d e r  
c o n s i d e r a t i o n  c a n  b e  u n d e r t a k e n  w i t h  t h e  h e l p  o f  t h e  a n a l o g o u s l y  
o p e r a t i n g  a m p l i t u d e - s e l e c t i o n - s w i t c h i n g  t h r o u g h  s o  c a l l e d  v o t e r s .  
T h i s  p r i n c i p l e  w a s  p r o p o s e d  f o r  c o n t r o l  p u r p o s e s  b y  B e n d i x  [ 3 9 ,  4 0 1 .  

Such  a v o t e r  c o n s i s t s  o f  l o g i c  c i r c u i t s ,  t h r e e  " A N D " -
Ga te s  a n d  o n e  " O R " - G a t e ,  a s  p r e s e n t e d  i n  F i g u r e  4 3 .  

Malfunction Probability o f  a Voter 


The m a l f u n c t i o n  p r o b a b i l i t y  o f  a v o t e r  c a n  b e  e s t i m a t e d , o n  t h e  
b a s i s  o f  t h e  m a l f u n c t i o n  r a . t e s  o f  i t s  c o n s t r u c t i o n a l  c o m p o n e n t s  
( c o m p a r e  C401) ( 9  d i o d e s  a n d  4 r e s i s t a n c e s ) ,  a n d  i t  r e s u l t s  i n  

q = 1 1 :  lo4. t 

S e l e c t i o n  c i r c u i t  f r o m  t h r e e  v o t e r s .  

An e s s e n t i a l  i m p r o v e m e n t  o f  t h e  m a l f u n c t i o n  p r o b a b i l i t y  c a n  
b e  a t t a i n e d  i f  o n e  c o n s t r u c t s  a s e l e c t i v e  c i r c u i t  f r o m  t h r e e  v o t e r s ,  
a s  i s  d e m o n s t r a t e d  i n  F i g u r e  4 9 .  

The m a l f u n c t i o n  p r o b a b i l i t y  t h e n  a m o u n t s  t o  / 1 5 3  

1 1 5  



-- ---------- r 1

h ,P 
I S e l e c t i v e  

c i r c u i t  

F i g .  4 9 .  S e l e c t i v e  C i r c u i t  o f  T h r e e  V o t e r s .  

I f  t h e  c o n t r o l  t a k e s  p l a c e  i n  i m p u l s e  s t e a d y  m o d u l a t i o n  p r o 
c e d u r e ,  t h e  u s e  o f  a s i m i l a r  c i r c u i t  i s  p o s s i b l e .  G e n e r a l  E l e c t r i c  
u s e s  t h i s  p r i n c i p l e  ( d e s i g n a t e d  " H y d a p t " )  i n  t h e  a u t o p i l o t  s y s t e m  
f o r  t h e  F-111 [ 3 6 ,  3 7 1 .  The  m i d d l e  o f  t h r e e  s i g n a l s  i s  l i k e w i s e  
s e l e c t e d  h e r e  f o r  t h e  p u r p o s e  o f  c o n t r o l .  

A c o n s t r u c t i v e l y  d i f f e r e n t  p r i n c i p l e ,  t h a t  o f  t h e  s e q u e n c e  
r e s p  s w i t c h i n g  r e d u n d a n c i e s ,  f o r  t h e  s w i t c h i n g  o f f  o f  a d e f e c t i v e  
s i g n a l  i s  shown by  F i g u r e  5 0 .  Two s u c h  m o n i t o r s  a r e  p r o v i d e d  i n  
t h e  p i l o t i n g  p r o p o s a l  o f  t h e  V e r e i n i g t e  F l u g t e c h n i s c h e  Werke [ 2 5 ,  
2 6 1 .  

The e n t i r e  m o n i t o r i n g  a n d  s w i t c h i n g  u n i t  c o n s i s t s  h e r e  o f  t w o  
i d e n t i c a l  a s s e m b l i e s  M 1  a n d  M2.  Each  a s s e m b l y  c a n  b e  s p l i t  up  / 1 5 4  
i n t o  o n e  p a r t  w h i c h  l i e s  i n  t h e  s i g n a l  f l u x ,  M i 1  r e s p .  M 2 1 ,  a n d  
o n e  p a r t  w h i c h  d o e s  n o t  l i e  i n  t h e  s i g n a l  f l u x ,  M 1 2  a n d  M 2 2 .  

s e co n d  m a l f u p c t i o r  
to


by p i l o t  S e r v o - m o t o r  

F i g .  5 0 .  C i r c u i t  f o r  	t h e  S u p p r e s s i o n  o f  D e f e c t i v e  S i g n a l  ( S e q u e n c e  
r e s p .  S w i t c h i n g  R e d u n d a n c y )  
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7. SETUPS F O R  M B N I T O R Z N G  

7 . 1  G e n e r a l  I n f o r m a t i o n  

Redundancy  o n l y  c a u s e s  a s m a l l e r  m a l f u n c t i o n  p r o b a b i l i t y  o f  
t h e  s y s t e m  i f  a l l  r e d u n d a n t  c o m p o n e n t s  a r e  f u l l y  o p e r a b l e  p r i o r  t o  
b e g i n n i n g  o f  o p e r a t i o n ,  s i n c e ,  a c c o r d i n g  t o  d e f i n i t i o n ,  t h e  f u n c 
t i o n  o f  a r e d u n d a n t  t o t a l  s y s t e m  s h o u l d  a l s o  b e  c o n s e r v e d  i n  t h e  
case  o f  p a r t i a l  m a l f u n c t i o n s ,  s o  t h a t  a m o n i t o r i n g  i s  n o t  p o s s i b l e  
t h r o u g h  t e s t i n g  o f  t h e  t o t a l  f u n c t i o n .  

A s e l f - t e s t  p o s s i b i l i t y  o f  a s s e m b l i e s  i s  a l s o  d e s i r a b l e  i n  
t h e  ca se  o f  m a l f u n c t i o n s  i n  s i m p l e  s y s t e m s ,  f o r  t h e  p u r p o s e  o f  
r a p i d  l o c a l i z a t i o n  o f  a d e f e c t .  

S p e c i a l  s e t u p s  for m o n i t o r i n g  h a v e  b e e n  d e v e l o p e d .  

7 . 2  Gyros 

A s e l f - t e s t  d e v i c e  for m i n i a t u r e  r a t e  g y r o s  C 1 2 6 1  i s  p r e s e n t e d  
i n  F i g u r e  5 1 .  

7 
I 
I 6.
I &-
I 

F i g .  5 1 .  S e l f - T e s t  A p p a r a t u s  for M i n i a t u r e  R a t e  G y r o s .  /155 

The s e l f - t e s t  a p p a r a t u s  c o n s i s t s  o f  a t e s t  c o i l  a n d  a s e p a r a t e  
t e s t  a m p l i f i e r .  The t e s t  c o i l  is s h i f t e d ,  o u t s i d e  of  t h e  g y r o  
h o u s i n g ,  o v e r  t h i s .  The  g y r o  mechan i sm i s  n o t  d i r e c t l y  i n f l u e n c e d  
by  t h e  t e s t  c o i l  and. a movement  of t h e  g y r o  i s  n o t  n e c e s s a r y .  The  
s e l f - t e s t  a p p a r a t u s  a l l o w s  o n e  t o  r e c o g n i z e  w h e t h e r  t h e  g y r o  i s  
r u n n i n g  a t  t h e  full r a t e  o f  r e v o l u t i o n  a n d  w h e t h e r  t h e  f r a m e s  a r e  
b l o c k e d . .  

A n o t h e r  p r i n c i p l e  f o r  t h e  c h e c k i n g  o f  t h e  f u n c t i o n s  o f  g y r o s  
i s  d e s c r i b e d  i n  [ 1 2 7 1 .  

I t  c a n  b e  r e c o g n i z e d  t h r o u g h  t u r n i n g  o f  t h e  g y r o s  a r o u n d  t h e  
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t e s t  a x i s  i n c l i n e d  t o  a l l  t h r e e  s e n s i t i v e  a x e s  b y  45O w i t h  a c e r t a i n  
a n g u l a r  v e l o c i t y ,  w h e r e  a l l  t h r e e  g y r o s  a r e  e m i t t i n g  c o r r e c t  s i g 
n a l s .  

The f i r m  E l l i o t  a l s o  m a n u f a c t u r e s  e l e c t r i c a l l y  c a g e d  c o n t r o l -
r a t e  g y r o s  w h i c h  a r e  p r o v i d e d  w i t h  a n  s e l f - t e s t  a p p a r a t u s .  

7.3 Monitoring i n  t h e  Case o f  Electric Signals / 1 5 6
and Assemblies 

A m o n i t o r i n g  i n  t h e  c a s e  of  s e v e r a l  e q u i v a l e n t  ( r e d u n d a n t )  
e l e c t r i c a l  s i g n a l s  i s  p o s s i b l e  w i t h  t h e  h e l p  o f  d i f f e r e n c e  a m p l i f i e r s ,  
e a c h  o f  w h i c h  c o m p a r e s  t w o  of t h e  s i g n a l s  a n d  c a n  c o n t r o l  w a r n i n g  
l i g h t s  i n  t h e  c a s e  o f  e x c e s s  o f  a p r e s e l e c t e d  d i f f e r e n c e .  I n  
o r d e r  t o  b e  a b l e  t o  d i s t i n g u i s h  b e t w e e n  a f i r s t  d e f e c t  a n d  f u r t h e r  
d e f e c t s ,  t r i g g e r  c i r c u i t s  c a n  b e  p r o v i d e d  as  d e f e c t  s t o r e s .  The 
p r i n c i p l e  o f  s u c h  a c i r c u i t  i s  p r e s e n t e d  i n  F i g u r e  5 2 ,  w h i c h  i s  
p r o v i d e d  a s  a m o n i t o r  f o r  a s e l e c t i v e  c i r c u i t  w i t h  v o t e r s  [ 2 9 ] .  

Va
! -

F i g .  5 2 .  C i r c u i t  D i a g r a m  o f  a M o n i t o r  w i t h  D i f f e r e n c e  A m p l i f i e r  
a n d  Two S c h m i t t - T r i g g e r s  

The w a r n i n g  l i g h t s  have . ,  i n  e a c h  c a s e ,  t w o  f i l a m e n t s  w h i c h  / 1 5 7  
a r e  s w i t c h e d  by i n d e p e n d e n t  r e d u n d a n t  c i r c u i t s .  T h i s  c i r c u i t  i s  
p r e s e n t e d  i n  F i g u r e  5 3 .  

A c i r c u i t  f o r  m o n i t o r i n g  w i t h  m a g n e t i c  a m p l i f i e r s  o f  VFW i s  / 1 5 8  
d e s c r i b e d  1 2 5 ,  2 6 1 ;  t h e r e ,  n o t  o n l y  t h e  m a l f u n c t i o n  i s  i n d i c a t e d  
b y  t h e  m o n i t o r ,  r a t h e r  a l s o  a s w i t c h i n g  f r o m  t h e  m a l f u n c t i o n e d  t o  
t h e  r e d u n d a n t  e l e m e n t .  

The f i r m  E l l i o t  h a s  d e v e l o p e d  a s p e c i a l  f o r m  o f  i n d i c a t o r  o f  
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M a l f u n c t i o n  

F i g .  5 3 .  C i r c u i t  f o r  W a r n i n g  Lamps ( F i r s t  a n d  S e c o n d  M a l f u n c t i o n )  
- a f t e r  [ 3 9 1 .  

m a l f u n c t i o n s  i n  c o m p u t e r s  a n d  a m p l i f i e r s  f o r  a u t o p i l o t s  a n d  o t h e r  
p r a c t i c a l  p u r p o s e s  [21, 2 3 1 .  P a r t i a l  m a l f u n c t i o n  i n  r e d u n d a n t  
c i r c u i t s  i n  the c o m p u t e r  a r e  i n d i c a t e d  o n ,  i n  e a c h  c a s e ,  o n e  s e g 
ment  on a n  e l e c t r o - l u m i n e s c e n t  l i g h - t  p a n e l  p o s i t i o n e d  a t  t h e  f r o n t  
s i d e  of t h e  a p p a r a t u s ;  t h e  p a n e l  i s  s u b d i v i d e d  i n t o  many s m a l l e r  
s e g m e n t s .  The number o f  m a l f u n c t i o n e d  c i r c u i t s  c a n  b e  r e c o g n i z e d  
by a g l a n c e  a t  t h e  l i g h t i n g  p a n e l .  

1 1 9  
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8. 	 MODEL DESIGN OF HIGHLY RELIABLE FLIGHT 

CONTROL SYSTEMS 


8.1 General Information 


I t  w a s  shown i n  4 . 3  t h a t  t h e  f l i g h t  c o n t r o l  s y s t e m s  a v a i l a b l e  
t o d a y  a r e  n o t  s u f f i c i e n t  t o  t h e  p o i n t  of v i e w  o f  s a f e t y  t o  g u a r 
a n t e e  a n  a u t o m a t i c  p i l o t i n g  w i t h o u t  c o n t i n u o u s  s u p e r v i s i o n  by  t h e  
p i l o t  a n d  t h e  t h e r e b y  p r o v i d e d  r e d u n d a n c y .  

I t  w i l l  b e  shown s u b s e q u e n t l y  t h a t  it wou ld  b e  p o s s i b l e  w i t h  
t h e  f i n d i n g s  o f  t h e  p r e c e e d i n g  s e c t i o n  o n  t h e  o p t i m i z a t i o n  o f  
s y s t e m s  c o n f i g u r a t i o n s  a n d  p r o c e d u r e s  o f  r e l i a b i l i t y  i n c r e a s e  t o  
d e s i g n  h i g h l y  r e l i a b l e  f l i g h t  c o n t r o l  s y s t e m s  c o r r e s p o n d i n g  t o  t h e  
s t a n d a r d s  o f  f l i g h t  s a f e t y  e v e n  w i t h  t h e  r e l a t i v e l y  u n r e l i a . b l e  
a s s e m b l i e s  a v a i l a b l e  t o d a y .  

The  s o l u t i o n  o f  a s i m i l a r  p r o b l e m  was f i r s t  d e m o n s t r a t e d  by  
Moore a n d  S h a n n o n  [ 1 2 8 ]  i n  t h e  e x a m p l e  o f  c i r c u i t s  o f  u n r e l i a b l e  
r e l a y s .  S p e c i a l  s y s t e m s  p r o p e r t i e s  r e s u l t  i n  t h e  ca se  o f  r e d u n d a n t  
s y s t e m s ,  w h i c h  h a v e ,  t o  d a t e ,  r e t a r d e d  t h e  f u r t h e r  a p p l i c a t i o n  o f  
t h e  known c o n n e c t i o n  b e t w e e n  r e d u n d a n c y  a n d  r e l i a b i l i t y .  

T h e s e  a r e  e s p e c i a l l y :  / 1 5 9  

1. I n c r e a s e d  mass,  vo lume  a n d  c o s t s  i n  t h e  i n i t i a l  c r e a t i o n  
a n d  i n s t a l l a t i o n  o f  r e d u n d a n t  s y s t e m s .  

2 .  P o o r e r  m a i n t e n a n c e  a n d  more  e x p e n s i v e  u p k e e p  o f  t h e  r e 
d u n d a n t  s y s t e m s  a n d  t h e  n e c e s s i t y  o f  s p e c i a l  t e s t i n g  a r r a n g e m e n t s .  

I f ,  h o w e v e r ,  t h e  s t a n d a r d s  f o r  h i g h e r  s y s t e m s  r e l i a b i l i t y  
h a v e  p r e c e d e n c e ,  t h e n  t h e r e  e x i s t s  o n l y  t h e  p o s s i b i l i t y  o f  r e 
d u n d a n c y  i f  t h e  r e l i a b i l i t y  o f  t h e  f u n c t i o n a l  g r o u p s  a n d  a s s e m b l i e s  
d o e s  n o t  s u f f i c e  t o  g i v e  t o  a s i m p l e  s y s t e m  t h e  demanded r e l i a b i l i t y .  

The m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  a s s e m b l i e s  a r e ,  c o r r e 
s p o n d i n g  t o  t h e  s t a t e  o f  t e c h n o l o g y ,  u s e d  a s  a b a s i s  i n  t h e  c a s e  
o f  t h e  r e d u n d a n t  a u t o p i l o t  m o d e l s  d e s i g n e d  i n  t h e  f o l l o w i n g  s e c 
t i o n s  i n  s y s t e m s  f o r  t h e  p u r p o s e  o f  a u t o m a t i c  p i l o t i n g .  T h e s e  
m a l f u n c t i o n  p r o b a b i i i t i e s  r e s u l t  f r o m  t h e  ( a s s u m e d  a s  c o n s t a n t )  
m a l f u n c t i o n  r a t e s  o f  t h e  a s s e m b l i e s  n o t e d  i n  2 . 3 . 1 . 5 ,  wh ich  a r e  
r e c o n s t r u c t e d  i n  summary i n  T a b l e  4 3 .  

S y s t e m s  s h o u l d  b e  r e g a r d e d  a s  m o d e l s ,  w h i c h  a r e  n o t  f i t t e d  
t o  s p e c i a l  a i r c r a f t  t y p e s  i n  c o n t r o l - t e c h n i c a l  r e s p e c t s  and  i n  
w h i c h  c o n s t r u c t i v e  p o i n t s  a r e  n o t  c a r r i e d  o u t  i n  d e t a i l .  They 
s h o u l d  documen t  t h e  p e r f o r m a b i l i t y  a n d  s y s t e m s  c o n f i g u r a t i o n s  o f  
h i g h l y  r e l i a b l e  c o n t r o l  s y s t e m s ,  w h i c h  c o u l d  s e r v e  t h e  p u r p o s e  o f  
m a k i n g  f e a s a b l e  t h e  c o m p l e t e  a u t o m a t i o n  of  p a r t  o f  f l i g h t  p i l o t i n g ,  

1 2 0  



-. ... 

n o t  o n l y  f r o m  t h e  f u n c t i o n a l  s i d e ,  r a t h e r  a l s o  f r o m  t h e  p o i n t  o f  
v i e w  o f  f l i g h t  s a f e t y .  

Use i s  made i n  t h e  d e s i g n  o f  t h e  v a r i o u s  r e d u n d a n c y  t y p e s  a s  
w e l l  a s  o f  t h e  p r o c e d u r e s  and  p o i n t s  o f  v i e w  d e s c r i b e d  i n  t h e  p r e 
c e e d i n g  s e c t i o n .  To a l a r g e  e x t e n t ,  u s e  i s  made o f  m a j o r i t y  r e 
d u n d a n c y  a s  a r e d u n d a n c y  t y p e ,  s i n c e  " m o n i t o r e d "  a s s e m b l i e s  a r e  
n o t  a v a i l a b l e  a t  t h i s  t i m e .  

8.2 Model o f  a Stabilizing and Damping Gyro 

The m a l f u n c t i o n  p r o b a b i l i t i e s  o f  t h e  a s s e m b l i e s  w h i c h  a r e  
n e e d e d  f o r  a p u r e  s t a b i l i z i n g  a n d  damping  g y r o  f o r  t h r e e  a x e s  a r e  
r e c o n s t r u c t e d  i n  F i g u r e  48 a c c o r d i n g  t o  m a g n i t u d e  o f  t h e i r  m a l 
f u n c t i o n  p r o b a b i l i t y .  The  m a l f u n c t i o n  p r o b a b i l i t i e s  r e s u l t ,  i n  
a c c o r d a n c e  w i t h  t h e  r e l a t i o n  

q - I - e  - 5 t  w Lt 

f r o m  t h e  ( a s s u m e d  a s  c o n s t a n t )  m a l f u n c t i o n  r a t e s  o f  t h e  a s s e m b l i e s  
a f t e r  T a b l e  4 3 .  An e x c e p t i o n  w a s  made i n  t h e  ca se  o f  t h e  c o n t r o l  
u n i t ,  f o r  w h i c h  100.10-6 was s e t  i n  u s e ,  s i n c e  t h e  v a l u e  c i t e d  i n  
T a b l e  43 o f  3 5 0 ~ 1 0 - ~r e s t s  on  t h e  e n t i r e  c o n t r o l  d e v i c e  ( f l i g h t  
c o n t r o l l e r  a n d  mode s e l e c t o r ) .  The mode s e l e c t o r ,  h o w e v e r ,  b e l o n g s  
t o  t h e  s t e e r i n g  c o n t r o l  c i r c u i t s .  

T A B L E  4 8 .  FOR C A L C U L A T I O N  OF T H E  M A L F U N C T I O N  P R O B A B I L I T Y  

/160 


/161 


OF A N O N - R E D U N D A N T  S T A B I L I Z I N G  A N D  D A M P I N G  G Y R O  

Assembly  M a l f u n c t i o n  Number o f  M a l f u n c t i o n  
P r o b a b i l i t y  N e c e s s a r y  P r o b a b i l i t y  

q - l O 6 . t  A s s e m b l - i e s. . .N N - q - 1 0 6 . t  

P o s i t i o n  Gyro  500 1 500 
C o m p u t e r - A m p l i f i e r  

( R o l l )  500 1 500 
C o m p u t e r - A m p l i f i e r  

( P i t c h )  500 1 500 
C o m p u t e r - A m p l i f i e r  

(Yaw) 
F l i g h t  C o n t r o l l e r  

1 2 5  
1 0  0 

1 
1 

1 2 5  
100 

R a t e  Gyro  7 0  3 210 
S e r v o  M-otor 6 5  5 315  ... ~~ . - .. .  

2 3 5 0  

The r e s u l t s  f o r  a s i m p l e  s y s t e m  

1 2 1  
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S i n c e  e a c h  i n d i v i d u a l  a s s e m b l y  h a s  a m a l f u n c t i o n  p r o b a b i l i t y  
w h i c h  i s  a l r e a d y  l a r g e r  t h a n  t h e  s t a n d a r d  w i t h  r e s p e c t  t o  s y s t e m s  
m a l f u n c t i o n  p r o b a b i l i t y  ( Q  2 t ) ,  as  a f i r s t  s t e p  a l l  a s s e m b l i e s  
c a n  b e  t r i p l e x - r e d u n d a n t l y  d e s i g n e d  ( m a j o r i t y  r e d u n d a n c y ) .  For 
t h a t  p u r p o s e ,  t h e  v o t e r s  d e s c r i b e d  i n  6 . 2  a n d  u n d e r  5 . 5 . 3  a r e  
n e c e s s a r y  ( a s i d e  f r o m  i n  t h e  ca se  of t h e  u s e  o f  t h e  t r i p l e x  hy
d r a u l i c  s e r v o  m o t o r ) ,  whose  m a l f u n c t i o n  p r o b a b i l i t y  a m o u n t s  t o  qv = 

t 2  a n d  i s  t h u s  n e g l i g i b l y  s m a l l ,  w h i c h  s h o u l d  a l s o  b e  p r e 
s u p p o s e d  f o r  t h e  113 o f  5 l o g i c " .  D u p l e x  a c t i v e  r e d u n d a n c y  ( m  = 2 )  
i s  p r o v i d e d  f o r  t h e  c o n t r o l  u n i t .  

T A B L E  4 9 .  C A L C U L A T I O N  OF R E D U N D A N C Y  OF A STABILIZING 
A N D  D A M P I N G  G Y R O .  

No. o f  n e c e s s a r y  Assemblya s s e m b l i e s  N 

++)  

1 


1 


1 

1 

3 

4 

P o s i t i o n  Gyro  

C o m p u t e r - A m p l i f i e r  
( R o l l )  

C o m p u t e r - A m p l i f i e r  
( P i t c h )  

C o m p u t e r - A m p l i f i e r  
(Yaw) 

C o n t r o l  U n i t  

R a t e  G y r o  

S e r v o  Moto r  

M a l f u n c t i o n  P r o b a b i l i t i e s  

( m = 1 )  (m=2)  ( m = 3 ) ( m = 4 )  

5 0 0  - 750 1 . 2 5  

500 - 750 1 . 2 5  

500 - 750 1 . 2 5  

1 2 5  - 48  0 . 0 2  

1 0 0  1 0  - -

70 - 1 5 ( 4 5 ) + 0 . 0 0 3  
(0.01) 

65  - 1 3 ( 5 2 ) +  -

+ )  Numbers i n  p a r e n t h e s e s  i n d i c a t e  t h e  t o t a l  m a l f u n c t i o n  
p r o b a b i l i t y  N ( 3  q 2  r e s p .  N) (1Oq)  i n  t h e  ca se  o f  n e e d e d  a s s e m b l i e s  

..+ + )  M = Number o f  p a r a l l e l  r e d u n d a n t  a s s e m b l i e s .. . 

The m a l f u n c t i o n  p r o b a b i l i t y  o f  t h e  s t a b i l i z i n g  a n d  damping  
g y r o ,  w h i c h  wou ld  f u n c t i o n  w i t h  t r i p l e x  m a j o r i t y  r e d u n d a n c y  u p  t o  1 1 6 2  
t h e  d u p l e x  a c t i v e  r e d u n d a n t  c o n t r o l  u n i t ,  a m o u n t s  t o ,  a s  c a n  b e  
c a l c u l a t e d  f r o m  T a b l e  4 9 ,  

1 2 2  



T h i s  m a l f u n c t i o n  p r o b a b i l i t y  i s  a l r e a d y  s m a l l e r  b y  - ? � o r  t = 1 )  
t h a n  t h a t  of t h e  s i m p l e  c o n t r o l  a f t e r  T a b l e  4 8 .  However ,  i t  d o e s  
n o t  y e t  c o r r e s p o n d  t o  t h e  s t a n d a r d s .  T h e s e  a r e  o n l y  f u l f i l l e d  by  
a s y s t e m  i n  w h i c h  t h e  p o s i t i o n  g y r o  a s  w e l l  a s  t h e  c o m p u t e r - a m p l i 
f i e r s  a n d  r a t e  g y r o s  w o u l d  b e  u s e d ,  i n  e a c h  c a s e ,  f i v e - f o l d .  The  
m a l f u n c t i o n  p r o b a b i l i t y  4 becomes  

I t  t h e n  wou ld  r e s u l t  f o r  o n e  h o u r  ( t  = 1) a m a l f u n c t i o n  p r o b a b i l i t y  
o f  

Q = 4!i.78-10-9 

8 . 3  Model o f  a S t e e r i n g  a n d  S t a b i l i z i n g  F l i g h t  C o n t r o l  S y s t e m  

If a s t a b i l i z i n g  g y r o  i s  t o  c a r r y  o u t  t h e  f u n c t i o n  o f  s t e e r i n g ,  
t h e n  p i l o t i n g  m a g n i t u d e s  f r o "  c o r r e s p o n d i n g  l o c a t i o n  s e n s o r s  a r e  
n e c e s s a r y .  The c h o i c e ,  w h i c h  p i l o t i n g  m a g n i t u d e  f r o m  t h e  a v a i l a b l e  
l o c a t i o n  s e n s o r s  i s  t o  b e  m o d u l a t e d ,  i s  made by  t h e  p i l o t ,  i n  e a c h  
c a s e ,  a c c o r d i n g  t o  f l i g h t  p h a s e ,  o v e r  t h e  mode s e l e c t o r  by means  
o f  a c t i v a t i o n  o f  a p p r o p r i a t e  s w i t c h e s .  The  c h o i c e  o f  a z i m u t h a l  
a n d  v e r t i c a l  p i l o t i n g  m a g n i t u d e s  i s  p o s s i b l e  i n d e p e n d e n t  o f  o n e  
a n o t h e r .  The  c o n t r i b u t i o n  of  t h e  l o c a t i o n  s e n s o r  t o  t h e  t o t a l  
m a l f u n c t i o n  p r o b a b i l i t y  m u s t  r e m a i n  s o  s m a l l  f o r  t h e  r e l i a b i l i t y  
o f  s u c h  a c o n v e n t i o n a l  s t e e r i n g  a n d  s t a b i l i z i n g  g y r o  t h a t ,  a l s o ,  
t h e  s t a n d a r d  of m a l f u n c t i o n  p r o b a b i l i t y  i s  n o t  e x c e e d e d .  

The l o c a t i o n  s e n s o r s  u s u a l  a t  t h i s  t i m e  a s  w e l l  a s  t h e i r  m a l 
f u n c t i o n  p r o b a b i l i t i e s  a r e  n o t e d  i n  T a b l e  5 0 .  The m a l f u n c t i o n  
p r o b a b i l i t i e s  o f  t h e  c o r r e s p o n d i n g  s w i t c h e s  i n  t h e  c o n t r o l  u n i t  
a r e  t o  b e  c o n t a i n e d  i n  t h e s e  v a l u e s .  

I t  c a n  b e  s e e n  t h a t  t r i p l e x  m a j o r i t y  r e d u n d a n c y  wou ld  n o t  /163 
s u f f i c e  t o  h o l d  s m a l l  e n o u g h  t h e  m a l f u n c t i o n  p r o b a b i l i t y ,  r a t h e r  
t h a t  f i v e  c o m p o n e n t s  wou ld  b e  n e c e s s a r y .  

T A B L E  5 0 .  C A L C U L A T I O N  OF T H E  R E D U N D A N C Y  OF 
L O C A T I O N  SENSORS 

M a l f u n c t i o n  P r o b a b i l i t i e s  
Assembly  9 q2 1h3 

-
(m=1)  Tm=3) ( m = 5 )  

1 VOR/LOC-Receiver 1 , 0 0 0  3 , 0 0 0  1 0  
1 Compass C o u r s e  G y r o  S y s t e m f  8 0 0  1,920 5 
1 A i r  Data S e n s o r  a n d  Compute r  5 0 0  7 5 0  1 . 2 5  
1 G l i d e  P a t h  ( I L S )  R e c e i v e r  5 0 0  750  1 . 2 5  

E s t i m a t e d  m a l f u n c t i o n  r a t e  

. .[IC. __,*I-.-10--9.t31 
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The c o n t r i b u t i o n  o f  t h e  l o c a t i o n  s e n s o r s ,  w h i c h  are o p e r a t e d  
i n  m a j o r i t y  r e d u n d a n c y ,  t o  t h e  s y s t e m s  m a l f u n c t i o n  p r o b a b i l i t y  
would  t h e n  a m o u n t  t o  

Q = 17,50-1Od9. ? 

If t h e s e  l o c a t i o n  s e n s o r s  w e r e  n o t  u s e d  r e d u n d a n t l y ,  t h e  c o n t r i b u 
t i o n  t o  t h e  m a l f u n c t i o n  p r o b a b i l i t y  w o u l d  b e  

Q - 2,800 -lo* t 

With u s e ,  o f  i n  e a c h  c a s e ,  t h r e e  c o m p o n e n t s  i n  m a j o r i t y  r e d u n d a n c y  

Q 6,42-104* ? 

8.4 Model o f  an Expanded Steering and Stabilizing Control System /i64 


Such a s y s t e m  s h o u l d  c o n t a i n  f u r t h e r  f u n c t i o n s  a s  o p p o s e d  t o  
t h e  s t e e r i n g  a n d  s t a b i l i z i n g  c o n t r o l s  c o n s i d e r e d  p r e v i o u s l y :  

1. A u t o m a t i c  l a n d i n g .  

2 .  A u t o m a t i c  t a k e o f f  ( o v e r s h o o t  g o - a r o u n d )  

F o r  t h a t  p u r p o s e ,  t h e  f o l l o w i n g  a s s e m b l i e s  w o u l d  b e  n e c e s s a r y  
i n  a d d i t i o n :  

1. A r a d i o  a l t i m e t e r  a s  w e l l  a s  a c o m p u t e r - a s s e m b l y  ( " F l a r e  
C o m p u t e r " )  a r e  n e c e s s a r y  f o r  a u t o m a t i c  l a n d i n g  a s  s e n s o r s  f o r  t h e  
p i t c h  p o s i t i o n  p i l o t i n g .  A s i d e  f r o m  t h a t ,  a n  a u t o m a t i c  a u t o  
t h r o t t l e  i s  n e c e s s a r y  whose  i n p u t  s i g n a l s  c o u l d  d e r i v e  f r o m  t h e  
a i r  d a t a  t r a n s m i t t e r .  

2 .  A f u r t h e r  c o m p u t e r - a s s e m b l y  ( " T a k e - o f f  a n d  O v e r s h o o t " ,  
" T a k e - o f f  C o m p u t e r " )  a s  w e l l  a s  a d d i t i o n a l  s e n s o r s ,  f l a p  p o s i t i o n  
i n d i c a t o r s ,  a c c e l e r o m e t e r s ,  a n d  i n c i d e n c e  a n g l e  i n d i c a t o r s  i s  
n e c e s s a r y  f o r  t h e  a u t o m a t i c  t a k e  o f f  s y s t e m .  A s i d e  f r o m  t h a t ,  
s i g n a l s  o f  t h e  p o s i t i o n  g y r o  a n d  a i r  d a t a  i n d i c a t o r  ( s t a t i c  a n d  
P i t o t )  a l r e a d y  b e l o n g i n g  t o  t h e  s y s t e m  s e r v e  a s  i n p u t  v a r i a b l e s .  

The c o n t r i b u t i o n  o f  t h e  a d d i t i o n a l l y  n e c e s s a r y  a s s e m b l i e s  / 1 6 5  
t o  t h e  s y s t e m s  m a l f u n c t i o n  p r o b a b i l i t y  would  amount  t o  w i t h  f i v e  
f o l d  i n s t a l l a t i o n  of  t h e  c o m p u t e r s  a n d  t h e  r a d i o  a l t i m e t e r  

t h a t  would  b e  f o r  t = 1 
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T A B L E  51. C A L C U L A T I O N  OF 
NECESSARY ASSEMBLIES 

S T A B I L I Z I N G  

Assembly  

1 R a d i o  A l t i m e t e r  
1 Computer  ( F l a r e - C o m p u t e r )  
1 Computer  ( A u t o t h r o t t l e )  

THE R E D U N D A N C Y  OF A D D I T I O N A L L Y  
OF A N  EXPANDED STEERING A N D  

C O N T R O L  S Y S T E M .  

M a l f u n c t i o n  P r o b a b i l i t y  

9 92 39’ 1 0 2  
[104tJ Elo”t2] [10”t21 [lO”r? 

( m = l ) ( m = 2 )  (m=3)  (m=5) 
500 - 750 1.25 
300 - 270 0.27 
300 - 270 0.27 

1 C o m p u t e r  ( T a k e - o f f  a n d  O v e r s h o o t  300 - 270 0.27 
4 F l a p  P o s i t i o n  I n d i c a t o r s  4 0  1.6(6.4) - 
2 A c c e l e r o m e t e r s  50 - 7.5(15) 
2 I n c i d e n c e  A n g l e  I n d i c a t o r s  4 0  1.6(3.2) - -

I f  o n l y  t r i p l e x  m a j o r i t y  r e d u n d a n c y  w e r e  t o  f i n d  a p p l i c a t i o n ,  

Q 1.58- t2 

W i t h o u t  r e d u n d a n c y  

Q - 1,740-10* t 

8 . 5  M o d e l  o f  a F u l l y  A u t o m a t i c  F l i g h t  P i l o t i n g  S y s t e m  

A f u l l y  a u t o m a t i c  f l i g h t  p i l o t i n g  s y s t e m  s h o u l d ,  a s i d e  f r o m  
t h e  m a n u a l l y  s e l e c t a b l e  f u n c t i o n s  s u c h  a s  a u t o m a t i c  l a n d i n g  a n d  
a u t o m a t i c  t a k e - o f f  a n d  f l i g h t ,  c o n t a i n  t h e  programmed a u t o m a t i c  
c o u r s e  o f  a l l  f l i g h t  p h a s e s  ( t a k e - o f f ,  l o n g  d i s t a n c e  f l i g h t  w i t h  
s e v e r a l  s e c t i o n s ,  l a n d i n g ) .  I n  a d d i t i o n  t o  t h e  a s s e m b l i e s  of t h e  
s y s t e m s  c o n s i d e r e d  t o  t h i s  p o i n t ,  a c e n t r a l  n a v i g a t i o n  c o m p u t e r ,  
e g ,  a n  i n e r t i a l  l o c a t i o n  s y s t e m  would  b e  n e c e s s a r y  a s  a l o c a t i o n  
s e n s o r .  

I t  c a n  b e  s e e n  f r o m  T a b l e  5 2  t h a t  t h e s e  a s s e m b l i e s  w o u l d  a l s o  /166 
h a v e  t o  b e  u s e d  f i v e f o l d l y  i n  o r d e r  t o  h o l d  s m a l l  e n o u g h  t h e  
c o n t r i b u t i o n  o f  

I n  t h e  ca se  o f  o n l y  t r i p l e x  m a j o r i t y  r e d u n d a n c y :  

1 2 5  
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T A B L E  5 2 .  C A L C U L A T I O N  OF T H E  R E D U N D A N C Y  OF T H E  / 1 6 6  
NECESSARY A D D I T I O N A L  ASSEMBLIES FOR A FULLY A U T O M A T I C  

FLIGHT P I L O T I N G  SYSTEM 

M a l f u n c t i o n  P r o b a b i l i t i e s  
A s s e m b l y  

9 r  q2 w3 

1 I n e r t i a l  N a v i g a t i o n a l  S y s t e m  ~,? 6,750 33” 
Computer  300 270 427 

1 N a v i g a t i o n  C o m p u t e r  1,000 ’.3,000 10.00 
-. 

Q’ = IO * IOd- t2 

W i t h o u t  r e d u n d a n c y  

8.6 Summary 

The c a l c u l a t e d  m a l f u n c t i o n  p r o b a b i l i t i e s  a r e  c o m p i l e d  i n  
T a b l e  5 3 .  I t  c a n  a l s o  b e  s e e n  h e r e  t h a t  a m a j p r i t y  r e d u n d a n c y  
w i t h  t h r e e  c o m p o n e n t s  w o u l d  n o t  s u f f i c e  t o  f u l f i l l  t h e  demand f o r  
a m a l f u n c t i o n  p r o b a b i l i t y  Q < p e r  h o u r .  T h i s  c o u l d  o n l y  b e  
f u l f i l l e d  i n  t h e  c a s e  of u s e  of m a j o r i t y  r e d u n d a n c y  w i t h  e x p e n s i v e  
a p p l i c a t i o n ,  o f ,  i n  e a c h  c a s e ,  f i v e  c o m p o n e n t s .  

However ,  t h i s  means  a v e r y  h i g h  e x p e n d i t u r e  i n  t e r m s  o f  c o s t s ,  / 1 6 7  
mass a n d  volume o f  t h e  s y s t e m .  

T A B L E  5 3 .  SUMMARY OF MALFUNCTION PROBABILITIES 

S y s t e m s  M a l f u n c t i o n  P r o b a b i l i t i e s  
S imp l e  M a j o r i t y - M a j o r i t y  
S y s t e m  R e d u n d a n c y  Redundancy  

( T r i p l e x )  ( F i v e f o l d  E 

C i 0 - ~ 7  T r i p l e x )  
-. - n o - 9 7  _ .-. 

S t a b i l i z i n g  a n d  Damping G y r o  2 , 3 5 0 . t  2 . 4 . t 2  6 2 . t 2 + 3 . 7 8 - t 3  
S t e e r i n g  C o n t r o l  C i r c u i t  

( L o c a t i o n  I n d i c a t o r )  2 , 8 0 0 . t  6 . 4 2 . t 2  1 7 .  5 0 - t 3  
E x p a n d e d  S t e e r i n g  C o n t r o l  C i r c u i t  

( A d d i t i o n a l  A s s e m b l y )  1 , 7 4 0  * t  1.5 8 * t 2  2 4 . 6 * t 2 + 2 . 0 6 - t 3  
F u l l y  A u t o m a t i c  F l i g h t  P i l o t i n g  

S y s t e m  ( A d d i t i o n a l  Assemblies)2,8OO-t  1 0 . 0 . t 2  4 4 . 0 7 - t  

1 2 6  



If  a s s e m b l i e s  w e r e  a v a i l a b e  wh ich  wou ld  make p o s s i b l e  t h e  
a p p l i c a t i o n  o f  s e q u e n c e  r e s p .  s w i t c h i n g  r e d u n d a n c y ,  m a l f u n c t i o n  
p r o b a b i l i t y  s m a l l e r  by t h e  f a c t o r  o f  1 0  c o u l d  b e  o b t a i n e d  w i t h  
a p p l i c a t i o n  o f ,  i n  e a c h  c a s e ,  t h r e e  a s s e m b l i e s .  

The f o l l o w i n g  m a l f u n c t i o n  p r o b a b i l i t i e s  r e s u l t  a f t e r  T a b l e  5 3 :  

1. For a f l i g h t  c o n t r o l  s y s t e m  o f  c o n v e n t i o n a l  t y p e ,  b u t  w i t h ,  
i n  e a c h  c a s e ,  f i v e  r e s p .  t h r e e  c o m p o n e n t s .  T h e s e  a r e  l i s t e d  

For o n e  hour ( t  = 1) Q = 8 3 . 2 8 * 1 0 - 9  
For t e n  h o u r s  ( t  = 10) Q = 2 7 . 4 8 * 1 0 - 6  

2 .  For a f l i g h t  c o n t r o l  s y s t e m  w i t h  a u t o m a t i c  t a k e - o f f  a n d  /168 
a u t o m a t i c  l a n d i n g .  

For one  hour ( t  = 1) Q = io9.94.10-9 
For t e n  hours ( t  = 10) Q = 32 -10-6 

3 .  For a f u l l y  a u t o m a t i c  f l i g h t  c o n t r o l  s y s t e m  

For o n e  h o u r  ( t  = 1) Q = 154-10-9 
For t e n  hours ( t  = 10) Q = 7 6  

1 2 7  
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